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Fibras eutéticas à base de zircónia foram crescidas por solidificação direcional 
pelo método de fusão de zona com laser. Investigaram-se dois sistemas: 
zircónia-zirconato de bário e zircónia-mulite. O objetivo foi tirar vantagem das 
propriedades da zircónia, particularmente como condutor iónico e como fase 
de reforço mecânico. A influência das condições de processamento nas 
características estruturais e microestruturais e as suas consequências no 
comportamento elétrico e mecânico das fibras compósitas foram o foco desta 
tese.  
 
Os novos materiais eutéticos de zirconia-zirconato de bário foram 
desenvolvidos de forma a combinar a condutividade por iões oxigénio ao longo 
da zircónia, com a condução protónica através do zirconato de bário, 
promovendo um comportamento de condução iónica mista. A microestrutura 
das fibras é caracterizada por duas regiões alternadas: bandas com uma 
morfologia homogénea grosseira rica em zircónia; e zonas inter-bandas 
variando entre uma microestrutura eutéctica homogénea, a baixas velocidades 
de crescimento, e uma microestrutura colunar, para as fibras crescidas a uma 
velocidade maior. A distância inter-bandas aumenta com a velocidade de 
crescimento e a 300 mm/h desenvolvem-se dendrites de zircónia numa rede 
fina interpenetrada com 50 %vol. ZrO2-50 %vol. BaZrO3. As duas fases 
revelam contiguidade sem fronteiras de grão, de acordo com os resultados de 
espectroscopia de impedância. Composições ricas em ítria foram consideradas 
para promover a incorporação do ítrio nas duas fases, como revelado por 
espectroscopia de Raman e corroborado por análise química elementar por 
espectroscopia de raios-X por dispersão em energia. A incorporação 
simultânea do ítrio nas duas fases é condição obrigatória para se obter 
condutividade iónica mista. Tais resultados são suportados por medidas de 
espectroscopia de impedância que revelam claramente um aumento da 
condução iónica total para baixas temperaturas em atmosferas 
húmidas/redutoras (energia de ativação de 35 kJ/mol em N2+H2 e 48 kJ/mol 
em ar, no intervalo 320-500 ºC) comparado com as obtidas em condições de 
atmosferas secas/oxidantes (chegando a valores próximos de 90 kJ/mol, 
acima de 500 ºC). A temperaturas elevadas, a incorporação do protão no 
zirconato de bário não é favorável e a condução por iões oxigénio através da 
zircónia domina em ambientes secos e oxidantes, chegando ao máximo de 
1,3x10
-2
 S/cm em ar seco, a ~1000 ºC). 
 
Em alternativa, a condução iónica da zircónia foi combinada com a da mullite, 
outro condutor de iões de oxigénio a alta temperatura, de forma a obter um 
domínio eletrolítico mais alargado. A velocidade de crescimento tem uma 
influência grande na quantidade de cada fase e na microestrutura das fibras de 
zircónia-mulite solidificadas direccionalmente. A sua microestrutura varia de 
uma morfologia eutética homogénea para eutéctica dendrítica, quando a 
velocidade de crescimento aumenta de 1 para 500 mm/h. Esta evolução é 
acompanhada de um aumento da quantidade de zircónia tetragonal. Além 
disso, velocidades de crescimento superiores levam ao desenvolvimento de 
uma fase vítrea de Al-Si-Y e a menor quantidade de mullite, o que conduz a 
um decréscimo considerável da condutividade iónica total das fibras. A 
redução da quantidade da fase amorfa depois de um tratamento térmico (10h; 
1400 ºC) promove um aumento da condução iónica total (≥0.01 S/cm a 1370 
°C), aumenta as frações das fases de mullite e zircónia tetragonal e conduz a 
diferenças microestruturais quer na distribuição quer no tamanho da zircónia. 
Estas modificações tiveram importantes consequências na condutividade 
elétrica devido ao incremento da percolação. Foi igualmente observado um 
aumento significativo da dureza, desde 11.3 GPa para fibras crescidas a 10 
mm/h, até 21.2 GPa para as fibras crescidas a 500 mm/h. A morfologia 
eutética ultra-fina das fibras de 500 mm/h resulta num valor máximo de 
resistência à flexão de 534 MPa à temperatura ambiente, tendo diminuído para 
cerca de um quarto para temperaturas elevadas (1400 ºC) devido à presença 
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abstract 
 
Directionally solidified zirconia-based eutectic (DSE) fibres were obtained using 
the laser floating zone (LFZ) method. Two systems were investigated: zirconia-
barium zirconate and zirconia-mullite. The purpose was to take advantage of 
zirconia properties, particularly as an ionic conductor and a mechanical rein-
forcement phase. The influence of processing conditions in the structural and 
microstructural characteristics and their consequences on the electrical and 
mechanical behaviour were the focus of this thesis.  
  
The novel zirconia-barium zirconate eutectic materials were developed in order 
to combine oxygen ionic conduction through zirconia with protonic conduction 
from barium zirconate, promoting mixed ionic conduction behaviour. The mi-
crostructure of the fibres comprises two alternated regions: bands having 
coarser zirconia-rich microstructure; and inter-band regions changing from a 
homogeneous coupled eutectic, at the lowest pulling rate, to columnar colony 
microstructure, for the faster grown fibres. The bands inter-distance increases 
with the growth rate and, at 300 mm/h, zirconia dendrites develop enclosed in a 
fine-interpenetrated network of 50 vol.% ZrO2-50 vol.% BaZrO3. Both phases 
display contiguity without interphase boundaries, according to impedance spec-
troscopy data. Yttria-rich compositions were considered in order to promote the 
yttrium incorporation in both phases, as revealed by Raman spectroscopy and 
corroborated by the elemental chemical analysis in energy dispersive spectros-
copy. This is a mandatory condition to attain simultaneous contribution to the 
mixed ionic conduction. Such results are supported by impedance spectrosco-
py measurements, which clearly disclose an increase of total ionic conduction 
for lower temperatures in wet/reduction atmospheres (activation energies of 35 
kJ/mol in N2+H2 and 48 kJ/mol in air, in the range of 320-500 ºC) compared to 
the dry/oxidizing conditions (attaining values close to 90 kJ/mol, above 500 ºC). 
At high temperatures, the proton incorporation into the barium zirconate is un-
favourable, so oxygen ion conduction through zirconia prevails, in dry and oxi-
dizing environments, reaching a maximum of 1.3x10
-2
 S/cm in dry air, at ~1000 
ºC. 
 
The ionic conduction of zirconia was alternatively combined with another high 
temperature oxygen ion conductor, as mullite, in order to obtain a broad elec-
trolytic domain. The growth rate has a huge influence in the amount of phases 
and microstructure of the directionally solidified zirconia-mullite fibres. Their 
microstructure changes from planar coupled eutectic to dendritic eutectic mor-
phology, when the growth rate rises from 1 to 500 mm/h, along with an incre-
ment of tetragonal zirconia content.  Furthermore, high growth rates lead to the 
development of Al-Si-Y glassy phase, and thus less mullite amount, which is 
found to considerably reduce the total ionic conduction of as-grown fibres. The 
reduction of the glassy phase content after annealing (10h; 1400 ºC) promotes 
an increase of the total ionic conduction (≥0.01 S/cm at 1370 °C), raising the 
mullite and tetragonal zirconia contents and leading to microstructural differ-
ences, namely the distribution and size of the zirconia constituent. This has 
important consequences in conductivity by improving the percolation pathways. 
A notable increase in hardness is observed from 11.3 GPa for the 10 mm/h 
pulled fibre to 21.2 GPa for the fibre grown at 500 mm/h. The ultra-fine eutectic 
morphology of the 500 mm/h fibres results in a maximum value of 534 MPa for 
room temperature bending strength, which decreases to about one-fourth of 
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Motivation, objectives and thesis organization 
 Directional solidified oxide eutectics are a paradigm of composite materials with singu-
lar microstructural features, which have been presented in a first published report by Gal-
asso and co-authors, working at the United Aircraft Research Laboratories, in 1967. Since 
then, the developments of the melt-grown technology along with a better knowledge of 
eutectic ceramics brought extra potentialities to these composites. In this way, the produc-
tion of a recent generation of directional solidified eutectic (DSE) materials has been pro-
spected to offer modern potential applications, improving the thermal efficiency of gas 
turbines, allowing the development of planar optical waveguides of wide gap and high 
melting point, being also incorporated in thermal power generation systems and solid ox-
ide fuel cells technology. Eutectic growth is characterized by the cooperative growth of 
two or more solids phases from melt. If grown under controlled solidification conditions, 
directionally solidified ceramic eutectics have useful intrinsic features: low porosity, micro-
structural stability up to temperatures close to the melting point and strong bonded phas-
es. Interestingly, the phase morphology is governed by the solidification conditions that 
promote an effective anisotropic effect. Additionally, their chemical and thermo-
mechanical stabilities improve the performance of the eutectic structures, with great inter-
est for high temperature structural and functional applications.  
 The goal of this work is to explore the employment of the optimized directional solidifi-
cation method to novel ceramic systems: zirconia-barium zirconate and zirconia-mullite. 
Their potential technological applications can benefit from the microstructural design con-
trol and from the perfect match between the eutectic constituents. 
 The thesis is organized in four chapters. Chapter I starts with a brief review of the float-
ing zone technology, the selected method to grow the DSE ceramic fibres, followed by the 
fundamental concepts of eutectic materials solidification and a concise revision of the di-
rectionally solidified materials with emphasis to the zirconia-based materials. 
 The experimental part of this thesis is divided in two chapters, corresponding to the two 
selected DSE materials. The reasons for these two approaches are related with the inten-
tion to take advantage of the zirconia outstanding potential as ionic conductor and me-
chanical reinforcement.  Chapter II is thus devoted to the new zirconia-barium zirconate 
DSE material developed for electrochemical and functional devices. This chapter includes 
two published papers, where the synthesis of the fibres of zirconia-barium zirconate eu-




ties are respectively explored. Chapter III is dedicated to the zirconia-mullite DSE materi-
als and encloses one published, one accepted and one submitted paper. This set of works 
describes two solid electrolyte materials, combining in this instance two oxide-ion conduc-
tor phases. Furthermore, the mechanical performance is scrutinized. The goal was to join 
the mullite strength retention at very high temperatures with the fracture toughening 
mechanisms of stabilized-zirconia and the eutectic microstructural stability at very high 
temperatures. 
 Finally, the thesis’ epilogue in chapter IV covers the main conclusions and mentions 













Directional solidification of eutectics  
  
This chapter is devoted to the fundamentals of the directional 
solidification method as a suitable materials processing tech-
nique to obtain zirconia-based eutectic composites. The his-
torical background of the floating zone technique is firstly re-
vised up to the emergence of the laser floating zone (LFZ) 
system and its subsequent technological upgrades (I.1.).  
The basic concepts of fibre growth are then reported based on 
the solidification principles focused on the microstructural de-
velopment of eutectic materials (I.2.).  
Finally, a concise revision of the directional solidification of 
different eutectic systems is presented (I.3.) with special em-






















































I.1. History of laser floating zone 
 In 1951, William Pfann working at the Bell labs invented the zone refining process, a 
predecessor of the laser floating zone method, for the purification of germanium (Fig. 1). 
In this system, the impure germanium ingot is placed on a horizontal quartz or graphite 
crucible. Afterwards a narrow zone is molten by induction or radiation heating sources that 
travel from one extreme to the other [1-3]. In this way, the impurities are retained in the 
molten zone and loaded to the final ingot. Highly-pure materials can be achieved after 
multiple crossing through the zone refining system [2,4,5]. Unfortunately, this technology 
is improperly for silicon, due to high reactivity and contamination by the crucible material 
and the higher melting point (1415 ºC) [2]. 
 
Figure 1: Illustration of a germanium zone refining technique process, adapted from [1]. 
 
 Since then, other variants of zone refining appear like the floating zone technology. In 
the beginning of 1952, Henry Theuerer made the first approach on the zone melting tech-
niques (Fig. 2) in order to grow single crystals and to increase their purity. The purification 
process takes advantage of the concentration changes by the segregation of most impuri-
ties into the liquid. The floating zone is suspended between the melting and solidification 


























Figure 2: (a) Schematic view of the apparatus developed by Henry Theuerer for perform-
ing refining and single-crystal growing operations, (b) closer view of molten region during 
the process [6]. 
 
For crystal growth, a feed rod is fixed in the upper side as shown in Figure 3, while a seed 
rod is hold at the bottom one. The heating source is focused at the bottom of the feed rod, 
where melting is produced and the seed rod is slowly dipped into it. During the crystal 
growth, the seed and feed rods are driven downwards at constant feed/seed rate ratio. 
Keck et al. used this method to grow the first silicon crystal, without rotating [2]. Such pro-
cess was introduced by R. Emeis working at the Siemens labs [2]. Müller et al. then used 
high frequency induction heating, whereas their predecessors had used radiation heating 






Figure 3: Photograph capture during the growth zirconia-mullite material. The main re-
gions are labelled. The fibre is downwards pulled, as pointed by the arrow. 
 
 Industrially, the floating zone technology is used for the manufacturing of silicon and 
germanium high-quality crystals, for applications in electronic and optoelectronic devices 
[2]. The increasing demands of crystal quality and diameter (up to 200 mm) have been the 
main manufacturing challenges, as illustrated in Figure 4. Floating zone technology was 
expanded through the development of several apparatus based on different heat sources 
to produce the molten zone: resistance, induction, electron beam, focus lamp and laser 
heating [7]. 
 
























Eickhoff and Görs (in 1969), and then Gasson and Cockayne (in 1970),  made the earliest 
approach to the employment of a laser beam  for machining of high refractory materials [8, 
9]. In the floating zone method, the laser has many advantages over the other heating 
sources: 
(i) The beam wavelength can be chosen according to the material, while other radia-
tion sources radiate in a large wavelength range for which the molten region is 
transparent. 
(ii) The laser can be focussed onto the molten region, while an incandescent system 
heat a large region of the crystal. 
(iii) No restrictions on the kind of atmosphere.  
 In 1972, Haggerty introduced the first laser floating zone (LFZ) apparatus, where four 
focused laser beams were used as heating source [3,10,11].  This allows to grow materi-
als with very high melting points and so a number of single and polycrystalline fibres of 
TiC, TiB2, Al2O3 and Y2O3 have been manufactured and their mechanical behaviour ex-
plored. In the following years, multiple (two or four) laser beams systems were used, but 
these ones led to hot spot incidence and so to large radial thermal gradients in the molten 
zone, making the crystal growth unstable [3]. Fejer et al. developed an optical module 
known as reflaxicon, promoting a much uniform energy distribution over the molten zone, 
as illustrated in Figure 5 [12,13].  
 
  




The reflaxicon has an inner cone surrounded by a larger coaxial cone section, both with 
reflective surfaces. The intent of this optical module is to convert the laser spot into a ring 
providing a much uniform incidence in the molten region [12,13]. Since then, several 
modifications have been proposed to improve the LFZ system. Fejer et al. developed a 
high-speed diameter control of the fibre during the growth process [14]. This proved to be 
fundamental to decrease the beam scattering at the surface of the fibre and to obtain 
high-quality single-crystal fibres [14]. In this way, the floating zone method became a ver-
satile crystal melt growth technique, as revealed by the increasing number of published 
and cited articles, since 1983 (Fig. 6).  
 
Figure 6: Publication and citation records in the LFZ topic over the last 30 years (data-
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Crucibles or furnace components are not required, which could lead to contamination and 
confinement stress problems. Moreover, it is possible to prepared congruent and incon-
gruent melting crystals, by controlling the composition of the starting rods. Faster growth 
rates can be used due to the small crystal size and the focused heating source, resulting 




I.2. Fundamentals of fibres growth 
I.2.1. Solidification of eutectic materials 
 The LFZ growth requires conservation of mass and energy, and shape stability. The 
conservation of mass is related with dimensional stability of the molten zone (constant 
volume and length) and of the meniscus shape. The steady-state growth of a crystalline 
fibre with constant cross-section is given by:  
    √(   ⁄ )                                                         (1.1) 
where  ,   , are respectively the radius of the fibre and the feed rod, and   and    the 
fibre and feed rod growth rates. The growth rate instabilities may disrupt the mass conser-
vation condition and lead to variations in the fibres diameter. The shape of the molten 
zone depends on the growth direction as it is depicted in Figures 7a and b, for downwards 
and upward growth, respectively. The meniscus angle (ϕ) is of extremely importance since 
it should be held constant in order to retain an uniform fibre diameter [15]. 
 
             a.             b. 
Figure 7: Equilibrium shape of the molten zone (a) downward growth and (b) upward 
growth [15].  
 
The solidification interface shape analysis is determined by the growth rate (R), the ther-
mal gradient (G) and the composition, as shown in Figure 8. So, for a fixed composition 
(C0), by varying the thermal gradient or the solidification rate, the interface morphology 
changes between planar, cellular, dendritic and equiaxed [16]. 
 In the case of the self-organized microstructure of eutectic materials a precise control 
of the growth rate is needed as well as of the thermal gradient at the solidification inter-
face. Therefore, these are two parameters which can be adjusted to tune the system and 
yield the desired microstructure. The typical thermal gradients at the solidification interface 
(103-104 ºC/cm) of LFZ methods are significantly higher than in other melt grown tech-
12 
 
niques, resulting in a wide number of advantages including: higher growth rates and better 
grain alignment and the possibility to obtain high temperature metastable phases [3].  
 
Figure 8: Influence of composition (C0), thermal gradient (G) and growth rate (R) on the 
solidified morphology [16].  
 
Another important effect of the high thermal gradient is the possibility to reduce the consti-
tutional undercooling. The planar-front growth under steady-state conditions lead to solute 
redistribution/diffusion, resulting in a variation of the solute concentration and changing in 
the equilibrium solidification temperature. So, if G/R at the solidification interface is lower 
than a critical value, the liquid just ahead of the solidification front exists below its equilib-
rium solidification temperature, i.e. it is undercooled. Since this modification arises from 
compositional or constitutional effects, the phenomenon is known as constitutional under-
cooling [17]. The increase of constitutional undercooling promotes the disruption of the 
planar-front condition due to solute segregation into the melt, ahead of the solidification 
interface. In this sense, directional solidified eutectics (DSE) having fully aligned micro-
structures can be only achieved when the solidification occurs under planar-front condi-
tions. Mollard and Flemings provided an equation that defines the criterion for eutectic 
planar-front growth (avoiding of constitutional undercooling) [18]: 
  ⁄    (     )  ⁄                                               (1.2) 
where CE is the eutectic composition, C0 the starting composition, m the slope of the liqui-
dus line at the phase diagram, R the growth rate and D the diffusion coefficient of the so-
lute in the melt. So, the planar-front growth is chiefly controlled by three parameters: 
growth rate, thermal gradient and compositional variation (ΔC=CE-C0) [19]. The critical 
G/R ratio established for the planar-front growth, corresponds to G/R=0 (for CE=C0), for 
which the eutectic alignment can be attained by a narrow thermal gradient and high 
growth rate. This corresponds to a planar solidification interface, which determines that 
the eutectic constituents must grow at the same rate. In addition, no primary or non-




small increase of constitutional undercooling is considered owing to higher R or lower G, 
instabilities will develop along the growth direction, and a cellular interface will result. This 
corresponds to planar to cellular transition and occurs at a gradient Gp/c, as shown sche-
matically in (Fig. 9). 
 Another increasing of the undercooling condition leads to dendritic morphology. The 
lower thermal gradient increases the space between the cells and constitutional under-
cooling may also occur perpendicularly to the growth direction. So, instabilities will ad-
vance on the sides of the cells, resulting in the formation of dendrites. This takes place at 
a thermal gradient Gc/d (Fig. 9). 
 Constitutional undercooling is pronounced at 
very low G/R. The grains of the solid can nucleate 
in the melt ahead of the solid-liquid interface, result-
ing in equiaxed randomly oriented dendritic micro-
structures. The dendritic to equiaxed transition oc-
curs at Gd/e (Fig. 9). The growth conditions in the 
liquid became isotropic and new crystals having 
spherical shape start to develop ahead of the solidi-
fication interface. Spherical nuclei appear in the 
liquid, but their local surface instabilities will also 
grow at their interfaces and the final shape of the 
equiaxed crystals will not be spherical but dendritic 
[16].  
 
Figure 9: Correlation between the thermal gradient 
at the solidification interface and the solidification 
morphology. The planar to cellular transition occurs 
at a gradient label by Gp/c, the cellular to dendritic 
transition happens at the Gc/d and the dendritic to 
equiaxed takes place at the Gd/e condition [16]. 
 
 In resume, the effect of the temperature gradients and growth rate on the microstruc-





Figure 10: Effect of the temperature gradient and growth rate on the morphology and size 
of solidification microstructure, adapted from [20]. 
 
The G/R governs the mode of solidification, while the product GR determines the size of 
the solidified microstructures. If the same solidification field is assumed, the product GR 
determines that for high growth rates finer microstructures were developed, while low 
cooling rates promotes coarser microstructures.  
 
I.2.2. Eutectic growth 
 In 1954, Scheil introduced the concept of coupled growth for the production of normal 
eutectics, where both phases grow simultaneously ahead a planar solidification interface, 
as cited in reference [21]. In fact, the eutectic solidifies cooperatively when the A-rich α 
phase rejects the B atoms by laterally diffusion in a short path, where they will be incorpo-
rated in the B-rich β phase, as illustrated in Figure 11 [17].  The same will happen with the 
A atoms rejected by β phase, diffusing until the tip of an adjacent α-lamella. A solute re-
distribution takes place as a consequence of extensive lateral diffusion, leading to concen-
tration gradients at the solid phases interface. The eutectic growth is strongly ruled by the 
diffusion rate and that determines the interlamellar spacing (λ). The eutectic crystal growth 
rate depends on the undercooling below the equilibrium eutectic temperature and is lim-
ited by the chemical diffusion in the liquid ahead of the solidification interface. The eutectic 





Figure 11: Interdiffusion in the liquid ahead of the planar-front interface, adapted from 
[17]. 
 
For the case of lamellar eutectic growth, the thermal and kinetic components are negligi-
ble.  The compositional variations along the solidification interface are the reason for un-
dercooling that has its maximum at the centre of each lamella. The curve lamellar tip pro-
file leads to thermal variations, with the maximum at the triple junction between the solid 
lamellae. However, the total undercooling at the interface must be constant since the so-
lidification interface must be nearly isothermal in order to fulfil the planar-front condition 
and attain a fully aligned structure [22].  
 In the phase diagram of Figure 12 the coupled zone corresponds to composi-
tion/temperatures in which cooperative growth takes place. The coupled zone can be 
classified in two modes: symmetric (lamellar or fibrous eutectics) and asymmetric (irregu-
lar eutectic). The shape and position of the coupled zone are governed by the shape of 
the liquidus lines at the phase diagrams and the relative crystallization rates of the pure 
constituents [21]. The symmetrical coupled zone at phase diagram is shown in the top left 
plot of Figure 12 and it is associated with a normal structure, where the phases crystallize 
together by the advance of a common interface into the melt. For small undercoolings, the 
coupled zone is the region where the eutectic grows faster than α or β primary dendrites 
[23].  At higher undercoolings, the primary dendrites will have higher growth rate, and the 
final microstructure may combine dendrites with eutectic structure. At even higher under-
cooling, the eutectic growth rate will become again the highest, but the stronger under-
cooling avoids the planar structure development and equiaxed coupled growth will be cre-
ated  [16,23]. Notice that for high growth rates, dendrites can be found in eutectic micro-
structures [16,23]. This phenomenon is of great interest for the production of in situ com-
posite materials, once it was not restricted to the eutectic compositions.  
 Anomalous eutectic microstructures will result from an asymmetric coupled zone, as 
depicted in Figure 12(bottom). A competitive growth takes place, without solute exchange 
and the two phases grow separately [21]. If one phase is heavily undercooled, this lead to 
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primary dendrites of such phase growing faster than the eutectic [16,23]. According with 
this, three kinds of microstructures will be possible: only free-dendrite eutectic, or α or β 
primary dendrites plus the eutectic [23]. The eutectic structure is not only obtained when 
the composition is exactly eutectic. In fact, depending on the growth conditions, eutectic 
microstructures can result from off-eutectic compositions (hypoeutectic and hypereutec-
tic). Off-eutectic compositions tend to develop primary dendrites, where solute is rejected 
ahead of the dendrite tip into the remained liquid, such happens until the eutectic compo-
sition is reached and so the eutectic solidifies around the dendritic structure. Neverthe-
less, under controlled solidification conditions, it is possible to solidify off-eutectic materi-
als without the formation of such primary dendrites. If the undercooling is accentuated, the 
eutectic grows faster than the dendrites, since diffusion-coupled growth is much faster 




Figure 12: The symmetric (top) and asymmetric (bottom) eutectic coupled zones project-




I.2.3. Eutectic microstructure 
 Brady in 1922 and then Portevin in 1923 distinguished three eutectic categories, name-
ly: lamellar, rod-like and irregular [24]. However, the presence of impurities in their alloys 
caused the development of uncertain structures in which the phase arrangement differs 
from pure alloys. In 1954, Scheil defined two types of eutectic microstructures based on 
the observation of several metallic systems: normal and anomalous as mentioned in the 
previous section [21]. According with this description, the normal eutectics have crystallo-
graphic alignment between both phases. The structure comprises a lamellar microstruc-
ture having an aligned plate-like arrangement of both phases and a fibrous microstructure, 
in which an orientated rod-like phase is enclosed in a matrix of a second phase. In the 
anomalous eutectic, the platelets of one phase are immersed in the second one without 
any apparent crystallographic relationship between them. 
 The theory provided by Hunt and Jackson explained the eutectic final microstructure 
based on the interface-roughness parameter [25]. Indeed, such parameter is chiefly de-
pendent on the individual entropy of fusion (ΔSf) of the eutectic constituents [25]. So, the 
interface-roughness parameter (α) given by equation (1.3) predicts the faceted or nonfac-
eted growth of each phase. 
        ̅⁄                                                           (1.3) 
where ξ is a crystallographic parameter (~1) and  ̅ is the gas constant. Typically, most 
metals have low entropies of melting (α<2) growing isotropically with no facets, while the 
ceramic have higher ones (α>2) and grow with crystalline facets. According with this mod-
el, the eutectic microstructure will be split in three groups: nonfaceted/nonfaceted, facet-
ed/faceted and nonfaceted/faceted [25]: 
(i) If both phases have low entropies of melting (α<2) the nonfaceted/nonfaceted 
phases lead to lamellar or fibrous eutectic microstructure (Fig. 13a). 
(ii) If only one phase have high and the other phase has a low entropy of melting 
(α>2) the phases appear faceted/nonfaceted leading to irregular microstructure 
(Fig. 13b). 
(iii) If both have high entropies of melting (α>2) the eutectic is faceted/faceted with in-





Figure 13: Micrographs captured by scan-
ning electron microscope (SEM) of (a) regular 
nonfaceted/nonfaceted eutectic lamellar NiO-
ZrO2(Y2O3) DSE, (b) irregular facet-
ed/nonfaceted eutectic (Mg-Mg2Sn) consist-
ing of faceted Mg2Sn phase (dark) in a mag-
nesium matrix (c) faceted/faceted eutectic 
Al2O3-Y3Al5O12 (YAG: yttrium aluminium gar-
net) DSE with continuous interpenetrating 
microstructure [19,26]. 
 
 Croker et al. (1973) proposed, rather than consider the entropy of fusion of each 
phase, to use the entropy of solution of a single constituent in the liquid added to the vol-
ume fraction of each phase and to the growth rate [24]. According with this analysis, the 
eutectic are mainly divided into normal and anomalous categories. If one of the eutectic 
constituents has high entropy of solution (    ), it is hoped that this one rules the eutectic 
microstructure. Normal eutectic microstruc-
tures (lamellar, fibrous) were defined up to 
    =23 J/mol K, while anomalous eutectics 
having quasi-regular, broken lamellar, irregu-
lar and other complex microstructures were 
obtained at higher values of entropy of solu-
tion, as shown in Figure 14. 
Figure 14: Correlation between the eutectic 
microstructures with entropy of solution and 
volume fraction showing the structural re-
gions: (a) regular lamellar; (b) regular rods; 
(c) broken lamellar; (d) irregular; (e)  complex 
regular; (f) quasi-regular and (g) irregular 






The relationship between the volume fraction of each eutectic phase and the interface-
roughness parameter is illustrated in Figure 15. According with this, if the volume fraction 
of both nonfaceted phases is equal (    ⁄     ), it solidifies as regular lamellar eutectic 
microstructure. If the volume fraction of one phase is significantly higher than that of the 
other (    ⁄      ), a fibrous microstructure will be established to minimize the interfacial 
energy. However, when the phase in minor amount is faceted, this lead to faceted-rods or 
an irregular lamellar microstructure (for higher contents) [23]. 
 
Figure 15: Types of binary eutectic morphology, adapted from [23]. 
  
 The microstructures produced during eutectic solidification are often more complex 
than the ones described by this model. So, features in three different size scales should 
be considered: phase structure (0.1-10 µm), colony structure (10-100 µm) and grain struc-
ture (100-500 µm) [21,27]. The phase dimensionality in regular eutectics is ascribed as 
interlamellar or interfibre spacing (λ) and the growth rate is given by the equation: 
             [18]. According with this, the size of the eutectic constituents in the micro-
structure can be controlled by the growth rate. Higher growth rates lead to smaller sizes 
and distances between the phases. For example, in Figure 16, the interfibre spacing 
changes from 2.1 to 5.4 μm, when the growth rate increases from 0.15 to 1 mm/min [28].  
 The next larger feature was introduced by Weart et al. [27]. The eutectic colony (cellu-
lar) structure is developed under nonlinear growth regime. Constitutional undercooling 
ascribes to the probable occurrence of impurities and the segregation of these ones into 
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the melt. The undercooled melt leads to a cellular interface [21,29].  Eutectic colonies oc-
cur when G/R falls bellow critical value with the impurities presence effectively increasing 
the critical value of G/R [21,30]. 
  
  
Figure 16: Self-organized eutectic microstructure of TbScO3 microfibers immersed in 
Tb3Sc2Al3O12 matrix. The effect of growth rate (a) 0.15, (b) 0.3, (c) 0.45, and (d) 1 mm/min 
in the interfibre spacing 5.5, 3.7, 3.1 and 2.1 μm, respectively [28].  
 
 The colonies’ boundaries are thick coarser microstructures, oriented along the growth 
direction (Fig. 17a).  The inter-phase spacing is significantly reduced at colony nucleus 
(Fig. 17), where an internal lamellar or fibrous structure can be developed due to local 
slower growth rate [19,21]. The columnar transversal cross-section shows a honeycomb 
pattern, where regular lamellar growth is observed (Fig. 17b). 
 
  
Figure 17: Eutectic metal alloy where eutectic colonies are arrays of crystal aggregates 






 The concept of eutectic grain is also proposed in some works [19,21], being specific of 
regular eutectics [19]. The eutectic grains result from adjustments of the eutectic structure 
promoted by small instabilities at solidification interface. So, the grain size is mainly de-
termined by the growth conditions and eutectic ability to adapt at growth fluctuations [19]. 
Likewise colonies, they are elongated along the growth direction and rather smaller at the 
transversal section. Despite their large size, it is difficult to identify them. In Figure 18, two 
eutectic grains are visible being revealed by different lamellar orientations (having an an-
gle of ~40º between them). Moreover, notice that the grains merge to a single one, at the 
micrograph left side [29]. Even that, it is difficult to define eutectic grains and distinguish-
ing them from eutectic colonies, one definition of eutectic grain in such specimen is "an 
eutectic grain is a region of the solid of size generally much larger than the lamellar spac-
ing, inside which all the lamellae of the same phase have the same crystal orientation, or 
nearly so" [32]. 
 








I.3. A brief review on the directional solidification of eutectics 
 The earliest studies on DSE materials were mainly performed in low-melting tempera-
ture metallic systems [18]. Kraft disclosed various eutectic metallic systems which may 
directionally solidify producing aligned microstructures and characteristic properties [31, 
33]. Specially, the monovariant eutectic compositions solidify into anisotropic structures 
wherein one well-aligned phase of whisker or lamellar morphology is enclosed in a matrix 
phase. So, the metallic eutectic or eutectic-type alloys taking advantage of such micro-
structural benefits were foreseen to several useful applications, as cobalt-chromium-
carbon, nickel or cobalt-base alloys that are used in gas turbines engines as blades or 
vanes [34-36]. However, metallic systems are limited by the operating temperature, so the 
increasing demanding for high-temperature applications naturally lead to an increasing 
attention to ceramic materials. This was supported by enhancements in the melt-grown 
technology that is applied in ceramic eutectics. In the beginning, simultaneous active re-
search was performed in salt eutectics-type materials, as NaF-NaCl and (LiF, NaF)-MgF2 
[37-39].  
 In 1967, Galasso et al. reported the first research on directional solidification of a pure 
oxide eutectic system, namely the BaFe12O19-BaFe2O4 eutectic system [40]. The intention 
was to improve the magnetic response of the composite, aligning the c-axis of BaFe12O19 
phase along the growth direction. The powders mixture was preheated in a platinum boat 
at 1000 ºC for 18 hours and then melted at 1500 ºC in air. Later, the boat travelled through 
an induction coil (at 1400 ºC) at rate of 32 mm/h along the horizontal direction. During the 
process oxygen flow was maintained over the sample to avoid reduction of the oxides. 
The eutectic comprises blades of BaFe12O19 phase (32.5 vol.%) nearly orientated along 
the longitudinal cross-section and enclosed in BaFe2O4 phase matrix (67.5 vol.%). The 
desired enhancement was not attained since the c-axis of BaFe12O19 was preferentially 
orientated perpendicularly to both: (i) the growth direction and (ii) blade extension, and 
these ones were also randomly rotated along the growth axis [40].  
 In the following years, Viechnicki et al. disclosed other three approaches Al2O3-
Y3Al5O12 (YAG), Al2O3-ZrO2 and Al2O3-ZrO2-Y2O3 in DSE systems [41-43]. These DSE 
ingots were grown by the Bridgman-type method and all revealed a colony-type micro-
structure [41-43]. The Al2O3-ZrO2 DSEs consisted of 34 vol.% of monoclinic zirconia fine 
rods in an alumina matrix [42]. Yttria was added to the binary eutectic system in order to 
stabilize zirconia and led to significant enhancement of room temperature bending 
strength from 69 to 172 MPa, and 172 to 275 MPa at the transversal and longitudinal di-
rections, respectively [43]. Moreover, the control of Al2O3-YAG DSE microstructure sug-
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gested the possibility of improve the mechanical properties [41]. Later, Waku et al. fabri-
cated Al2O3-YAG DSE by using the Bridgman method. The bending strength of Al2O3-YAG 
was in the range 350-400 MPa, and it was retained up to 1800 ºC [44,45]. This was at-
tributed to a colony-free microstructure with irregular distribution of finer Al2O3 and YAG 
single-crystals [45]. After that, it was introduced the Al2O3-GdAlO3 (GAP: gadolinium alu-
minum perovskite) DSE with three-dimensional (3D) microstructure. This DSE had a ho-
mogenous 3D-network of finer-interpenetrated microstructure (Fig. 19), combining Al2O3 
and GdAlO3 single-crystals [46]. Al2O3-GAP DSE demonstrated an incredible bending 
strength (~700 MPa) at high temperatures (1600 ºC) [46,47]. Rather than brittle fracture, 
the Al2O3-GAP DSE exhibited plastic deformation at high temperatures, owing to the dis-
location motion like in metals [46,47]. These works had synergistic effect over the re-
search of a series of new high temperature DSE systems using the same melt-grown 
method, including MgO-MgAl2O4, MgTi2O5-TiO2, MgO-CaO, ZrO2-Al2O3, ZrO2-CaZrO3 and 
ZrO2-SrZrO3 [48,49]. 
 
Figure 19: 3D-SEM micrographs configuration of Al2O3-GAP DSE system [46]. 
  
 Rowcliffe et al. did the earliest approach to a binary oxide system grown by floating 
zone melting, using the electron beam as heating source [50]. A systematic study was 
realized over the eutectic compositions at the alumina-titania phase diagram. In this 
sense, it was considered the alumina-aluminium titanate eutectic (61.5 wt.% Al2O3) and 
the titania-aluminium titanate (18 wt.% Al2O3) eutectic compositions. The 18 wt.% Al2O3 
DSE had very fine lamellae of aluminium titanate in a titania matrix, whereas the off-
eutectic composites with (19 wt.% Al2O3) developed minor primary plate-like dendrites of 
aluminium titanate in a continuous lamellar eutectic. In both cases, the interlamellar spac-
ing (λ) of aluminium titanate-titania eutectic system changes inversely with the square root 
of the growth rate. For a off-eutectic composition with 20 wt.% Al2O3 larger primary plate-
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like dendrites of aluminium titanate are immersed in a quite discontinuous lamellar eutec-
tic matrix. The richer-Al2O3 eutectic composition (61.5 wt.% Al2O3) comprises primary 
dendrites of alumina in a matrix of non-uniform eutectic of aluminium titanate-alumina eu-
tectic [50].  
 Hulse and Batt reported a series of oxide-oxide eutectic systems, as Al2O3-ZrO2 (Y2O3), 
ZrO2-Y2O3, MgO-CaO and ZrO2-CaZrO3 [51]. After that, Hulse et al. described the high 
bending strength (424 MPa) up to 1574 ºC of Al2O3-ZrO2 (Y2O3) DSE prepared by floating 
molten zone technique. The finely ordered lamellar phase, either fibrous or cellular in DSE 
preclude/deflect the crack propagation along the phases interfaces, rather than propagat-
ing in the usual ceramic brittle mode [52]. Such mechanical behaviour suggests that it has 
an abrasive material suitable for grinding operations [53].  
 Over the next decades, the development of the processing systems and the upgrade in 
the knowledge of DSE ceramic oxides features had a synergistic effect in their study. 
Moreover, the research in DSE manufacturing by floating zone methods accompanied the 
newest developments carried on the investigation being mainly focused in the Al2O3-
based DSE material [19]. In this way, it is important to highlight the binary-eutectic sys-
tems like Al2O3-YAG, Al2O3-GAP and Al2O3-Er3Al5O12 (EAG) grown by LFZ method [54-58] 
The Al2O3-YAG DSE fibres reveal a 3D-microstructure (observed along the longitudinal 
and transversal fibres cross-section), where two single-crystal phases are finely interpene-
trated in a continuous microstructure, without pores, grain-boundaries or colonies [56]. 
The microstructure is only slightly tailored by the growth rate up to 30 mm/h, when it starts 
to be ruled by cellular growth. Thus happens as well for the other eutectic systems, but at 
10 mm/h. The DSEs consists of continuous networks of binary single-crystal phases of 
Al2O3 and a perovskite (GAP) or a garnet (YAG or EAG). The Al2O3-YAG and Al2O3-EAG 
DSE fibres were grown from 25 to 750 mm/h. The hardness of both systems are very 
close (Fig. 20) and increases slightly with growth rate, while fracture toughness does not 
change [56,58]. The increase of hardness is ascribed to the strengthening effect at the 
interface between the eutectic constituents, which limits the microplastic deformation 




Figure 20: Microhardness (square) and fracture toughness (triangles) as a function of the 
growth rate, of Al2O3-YAG (open symbols) and Al2O3-EAG (closed symbols) DSEs, 
adapted from [56,58]. 
 
The bending strength of the DSEs is sharply increased with the growth rate, owing to the 
reduction of the eutectic domain size. For Al2O3-GAP DSE fibres, it enhances from 900 
MPa to 1780 MPa with growth rate increasing from 96 up to 240 mm/h. Notice that it is 
significantly higher than ~850 MPa obtained for the Al2O3-GAP DSE ingots prepared by 
the Bridgman technique [47,57]. However, the Al2O3-YAG and Al2O3-EAG DSE showed 
considerable higher bending strength for the different growth rates (Fig. 21a). The higher 
bending strength of Al2O3-EAG DSE was retained up to 1300 K, but the smallest eutectic 
domains lead to an abrupt reduction (Fig. 21b). Even that at room temperature the 
strength of Al2O3-YAG is lower than the previous one, it shows better strength retention for 
higher temperatures (Fig. 21b) [58]. 
 The molten-zone methods have been presented as the most successful methods for 
the synthesis of higly-pure oxide-metal composites materials [59]. In this sense, several 
oxide-metal systems have been considered such as: UO2-(W, Nb or Ta), stabilized ZrO2-
W, stabilized HfO2-W, CeO2-(Mo, W), MgO-W and Cr2O3-(Mo, Re or W) [59-63]. Such 
materials were the basis for other contemporary approaches, which begin with the reports 
of Revcolevschi et al. about NiO-oxide DSE, using a floating-zone device associated with 
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tems (the oxide must have cubic symmetry as CaO, Y2O3, NiAl2O4, Gd2O3, and CaO-
stabilized ZrO2) were prepared and after reduction lead to metal-oxide structures [65-68].  
  
Figure 21: (a) Bending strength as function of growth rate (at room temperature) of Al2O3-
YAG DSE (open symbol) and Al2O3-EAG DSE (closed symbol). (b) Bending strength as 
function of temperature for Al2O3-YAG DSE (open symbol) and Al2O3-EAG DSE (closed 






























































I.4. Zirconia based directionally solidified eutectic 
 Zirconia has technological significance because of its extraordinary refractoriness, me-
chanical and high ionic conductivity behaviour. Nowadays, ZrO2-based DSEs constitute 
an extensive group of eutectic oxide materials, which is of great interest in many techno-
logical fields, mainly in high temperature structural applications, photonics, electrochemis-
try and bio-medicine [19,69]. The investigation done in mechanical and electrochemical 
fields will be referred in this section as it constitutes the scope of the present thesis.  
 ZrO2-based DSE materials have been investigated since their pioneer works in oxide-
oxide systems (Al2O3-ZrO2 and ZrO2-CaZrO3) [51].  Notice that the studied of Al2O3-ZrO2 
materials typically contain Y2O3 to metastably retain the high temperature cubic and te-
tragonal polymorphs of zirconia at room temperature. Al2O3-ZrO2 (Y2O3) DSEs were 
grown by floating zone method at 200 mm/h, showing colony-type microstructure with 
ZrO2 whiskers (parallel to solidification interface) enclosed in the Al2O3 matrix. The bend-
ing strength only decreases from ~690 to 510 MPa from room temperature to 1575 ºC 
[51]. Nevertheless, less effort were made after that, due to extremely difficult processing 
conditions (high temperature) of ZrO2-based composite materials. In opposition, the metal-
lic systems (low melting point) were much attractive and explored [19].  However, ceram-
ics were not forgotten, neither the potential microstructural stability, exceptional strength 
and significant increases in fracture toughness at elevated temperatures, of particular in-
terest for the demanding high temperature technological applications [19,51]. The ZrO2-
CaZrO3 DSEs grown at 100 mm/h showed lamellar microstructure. But, the bending 
strength (~330 MPa) was independent of the temperature up to 1600 ºC and growth rate 
over the range from 30 to 400 mm/h  [51].  
 Over the last decades, the advances in the floating zone methods renewed the interest 
in high-temperature DSE ceramic oxides, as ZrO2-(Al2O3, CaZrO3, SrZrO3 and MgO) [49].  
Sayir et al. carried out an extensive work in the Al2O3-ZrO2 DSE system at the Nasa Lewis 
Research Center [70-73]. Al2O3-ZrO2 DSE fibres were prepared by the laser heated ped-
estal growth (LHPG) from binary eutectic composition (62 mol.% Al2O3, 38 mol.% ZrO2). 
Fibres have fully lamellar microstructure and solidifies without colony formation [72]. The 
colony microstructure appears for Al2O3-ZrO2 (9.5 mol.% Y2O3) DSE fibres grown between 
150 to 1500 mm/h. Below this range, fibres have heterogeneous microstructure with a 
finer colony structure at the periphery, increasing in size and inter-colony boundary width 
towards the middle. Coarse ZrO2 particles and an Y2O3-rich phase in a matrix of Al2O3 
result from strong radial thermal gradients, so the fibre centre is the last region to solidify 
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[70]. Banding phenomena, a sensitive function of the growth conditions, were identified on 
the fibres surface,  but apparently had no influence in the mechanical strength [70].  
 Orera et al. have been investigating the structural/microstructural and mechanical be-
haviour of Al2O3-ZrO2(Y2O3) DSE fibres using the LFZ method [74-79]. Fibres grown at 10 
mm/h reveal a homogenous coupled microstructure of irregular ZrO2 lamellae (1-2 µm) 
enclosed in a Al2O3 matrix [77]. For higher growth rates (50-1500 mm/h), fibres were 
formed by colonies with ellipsoidal shape, which were oriented with the growth direction 
(Fig. 22a) [77,79] The tilt between their major axis and the growth direction usually in-
creases for colonies at the periphery, due to concave profile at the solidification interface 
[80]. Banding was observed at the longitudinal cross-sections combining alternated finer 
and coarser regions (Fig. 22b) [78,79]. 
  
Figure 22: Micrographs of  longitudinal cross-section of Al2O3-ZrO2(Y2O3) DSE showing 
the (a) colonies (back-scattered electrons mode) and (b) periodic banding oriented per-
pendicularly to the solidification front, adapted from [80]. 
 
 The transversal cross-section of a colony comprises an irregular dispersion of a fine-
interpenetrating network of ZrO2 and Al2O3 (Fig. 23a) or organized zirconia fibrils above 
300 mm/h (Fig. 23b) [29,75,80]. In Figure 23b, alumina has a leading behaviour (high en-
tropy of fusion) during solidification, and it grows along certain planes for which zirconia 
fibres tend grow perpendicularly, leading to distribution by three sets following trigonal 
symmetry [80]. The influence of the Y2O3 content in the mechanical behaviour were eval-
uated in the colony-free DSEs [78]. In fact, the microstructure did not change considerably 
with the amount of Y2O3 dissolved into ZrO2 [78]. However, the density of defects increas-
es for lower Y2O3 contents, so the bending strength varies from 1.34 GPa (3 mol.% Y2O3) 





mol.% Y2O3 retains 80% of bending strength up to 1427 ºC, while for 0.5 mol.% Y2O3 it 
sharply decreases down to 0.2 GPa at 700 ºC [78]. 
 
  
Figure 23: Back-scattered electrons micrographs of transverse sections of Al2O3-
ZrO2(Y2O3) DSE (a) colony formed by a disordered dispersion of zirconia lamellae (white) 
embedded in alumina matrix (dark grey) and surrounded by thick coarse region with big-
ger zirconia particles having random shape, (b) colony centre  with self-organized distribu-
tion of zirconia fibrous (~0.3 μm in length), adapted from [80]. 
 
 The most recent efforts in Al2O3-ZrO2(Y2O3) deals with the reduction of the eutectic 
domain size by increasing the growth rate [81]. Hence, this leads to the development of 
colonies, where finer zirconia particles are enclosed in the alumina matrix, surrounded by 
coarse dispersion of larger zirconia particles [81]. Higher growth rates yield smaller colo-
nies, promoting thicker inter-colony regions. This Al2O3-ZrO2(Y2O3) DSE limits the strength 
to 1.0 to 1.5 GPa with fracture toughness of ~5.3 MPa m1/2 [81]. The desired refinement 
could be attained by the increase of the number of eutectic constituents, which extend the 
coupled zone for high growth rates, and so finer microstructures could be developed [81, 
82]. This is nowadays the idea for the new ternary DSE, as Al2O3-YAG-YSZ and Al2O3-
EAG-ZrO2 having nanometric domains [81,83]. In this way, Al2O3-YAG-YSZ DSE were 
grown at 1200 mm/h under nitrogen atmosphere, leading to a homogenous nanofribrillar 
microstructure, whose bending strength reached 4.6 GPa [81]. 
 Textured Ni-YSZ and Co-YSZ cermets were produced from micro/nano self-organized 
eutectic structures. These are promising materials as anodes in solid oxide fuel cells 
(SOFC) or electrolyzers, owing to 30-40% porosity and the mixed ionic-electronic conduc-
tion behaviour [84,85]. The fundamentals of this idea were disclosed previously by 
Revcolevschi et al. with NiO-CaSZ (calcia stabilized-ZrO2) DSE system. Such cermets 
(Fig. 24) are prepared after reduction treatment in a 4% H2-N2 mixture atmosphere of NiO-
YSZ or CoO-YSZ directionally solidified [67,86,87]. Both DSE oxide systems have ho-




tion. The channeled microstructure provide an appropriate thermal expansion coefficient, 
easy gas flow and good electrical conductivity [88]. 
 
 
Figure 24: SEM micrograph of fractured Ni-YSZ porous cermet produced from DSE, 
adapted from [88]. 
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This chapter begins with a brief review (II.1.) of the ionic con-
ductor materials, defect chemistry mechanisms and relevant 
thermodynamic conditions for ion conduction, foreseeing spe-
cific applications. Particular attention is given to the mixed 
protonic-oxide ionic conduction behaviour of some materials 
and structures. Finally, the ionic conductivity in directionally 
solidified eutectic (DSE) materials is described. 
The investigation done in the zirconia-barium zirconate DSE 
materials was the subject of a patent application (PPP 
106.488, untitled: “Mixed ionic-ionic conductors, synthesis of 
such conductors by directional solidification and their use”). 
The results were then reported in two SCI papers presented 
here in three main sections.  
The first paper (II.2.) deals with the influence of the LFZ 
growth conditions on the structural and microstructural charac-
teristics and their consequences on the electrical properties.  
A succinct description of the banding phenomena observed in 
the zirconia-barium zirconate DSE fibres is reported as sup-
plementary information to the previous subsection.  
The second paper is mainly focused on the mixed ionic con-











































II.1. Overview of the solid electrolyte materials 
II.1.1. Oxygen ion conductor and proton conductor materials 
 A solid electrolyte is a material characterized by high ionic conductivity (of anions or 
cations) and negligible electronic conduction [1,2]. In 1899, Walther Nernest reported the 
earliest observation of ionic conductivity in a solid oxide electrolyte, using platinium-wire 
electrodes. Nernst proposed the substitution of carbon filaments in electric lamps by a 
solid (named Nernst mass) with the composition ZrO2 (15 wt.% Y2O3) [3]. In 1935, Shottky 
suggested the employment of Nernst mass as a solid electrolyte in fuel cells, and two 
years later Baur and Preis demonstrated the operation of the first ceramic fuel cell, using 
ZrO2-based materials as oxygen ionic conductors (ZrO2 with 10 wt.% MgO or 15 wt.% 
Y2O3 addition) in the form of a tubular crucible as electrolyte, with carbon or iron as the 
anode and Fe3O4 as a cathode [3]. Nowadays, oxygen ion conductors represent the most 
extensively investigated types of electrolytes. Other electrolytes appeared, and these 
ones can be classified by their structure type: fluorite (zirconia, ceria, thoria and bismuth 
oxide), perovskites as LaGaO3, derivates of Bi4V2O11 (BIMEVOX) and La2Mo2O9 (LA-
MOX), perovskites/brownmillerites like as Bi4In2O11, apatites (RE10-xSi6O26±δ, where RE is 
rare-earth element, phosphor or germanium element) and pyrochlores ((Ga,Ca)2Ti2O7-δ) 
[2,4]. Electrolyte materials have been used in a widely variety of electrochemical devices, 
namely as an electrolyte in solid oxide fuel cells (SOFC), oxygen pumps, high temperature 
oxygen sensors and membranes [5]. More than high ionic conduction, other general re-
quirements are necessary [2,6]: 
(i) high thermodynamic and microstructural stability over a wide range of temperature 
and oxygen partial pressure, 
(ii) negligible interaction with electrodes under operation conditions,  
(iii) thermal expansion match with the electrodes and other constituent materials of a 
device,  
(iv) no evaporation under operation conditions,  
(v) appropriate thermomechanical behaviour, 
(vi) easy to produce into different profiles (shape and sizes), 
(vii) easy to create as hermetic seals. 
 
Although the requirements for each application changes, fluorite-type electrolytes have 
attracted a greater interest than the other oxygen ion conductors, since they obey to sev-
eral of those mandatory conditions [6]. In this way, the zirconia-based electrolyte has been 
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the most commonly used electrolyte material, once it exhibits the extraordinary combina-
tion of high termomechanical behaviour with high ionic conduction over a wide range of 
partial pressures at elevated temperatures [7]. 
 Although pure ceria and thoria have fluorite-type structure stabilized from ambient tem-
perature up to their melting points, bismuth oxide and zirconia show a number of poly-
morphs at different temperature ranges [8]. Pure zirconia melts at ~2680 ºC, but until 
there, it can exhibit three polymorphic structures: monoclinic (m-ZrO2), tetragonal (t-ZrO2) 
and cubic (c-ZrO2) (Fig. 1). The c-ZrO2 phase corresponds to a non-distorted structure of 
the fluorite type (space group    ̅ ). The coordination number of oxygen is four, while 
the zirconium in relation to oxygen is eight. The Zr-O bond length is equal for all the eight 
pairs in the structure [6,9,10]. The cubic to tetragonal transformation takes place at 2370 
ºC and occurs when the cubic structure on cooling becomes unstable, leading to small 
displacement of the oxygen atoms from their ideal position (1/4, 1/4, 1/4). Indeed, t-ZrO2 
has a crystal structure of slightly distorted fluorite, but this does not lead to any modifica-
tion of the coordination number. The length of the four Zr-O bonds is shorter than that of 
the other four bonds. The second transition happens at 1170 ºC, when the tetragonal 
structure transforms into monoclinic one. Monoclinic crystals are very common in the 
Earth’s crust, and are known as baddeleyite. In fact, this transformation results of further 
distortion c-ZrO2, leading to an extensive rearrangement and new structure (Fig. 1) [6,9, 
10]. Notice that, this transformation shows significant hysteresis, since on cooling occurs 
at a slightly lower temperature ~200 ºC [6]. 
 
   
c-ZrO2 phase 
   ̅  
c=b=a, β=90º  
t-ZrO2 phase 
        
c>b=a, β=90º 
m-ZrO2 phase 
      
c>b>a, β>99º  
Figure 1: Schematic representation of crystalline structures of monoclinic, tetragonal and 
cubic ZrO2 phases. The arrows correspond to the oxygen displacement directions, taking 
as reference the cubic cell. Large dark spheres and small light grey spheres represent O 
and Zr atoms, respectively [11]. 
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 The high temperature cubic and tetragonal structures can be stabilized at room tem-
peratures by doping with metal oxides (CaO, MgO, Y2O3 etc.) forming solid solutions with 
zirconia. The composition range over which tetragonal and cubic structures occurs is nar-
row and depends on temperature that is function of the type of dopant. If the dopant con-
centration is in low amount to fully stabilize the high temperature structure, it results in a 
mixture of different phases. Besides the c-ZrO2, t-ZrO2 and m-ZrO2 phases shown in Fig-
ure 2, another metastable phase (t’-ZrO2) has been reported in the ZrO2-Y2O3 system, for 
a dopant content of 7-13 mol.% YO1.5, while a minimum of 16-18 mol.% YO1.5 is needed to 
stabilize the cubic phase [6,12-14]. The t’-ZrO2 is promoted by diffusionless phase trans-
formation during fast cooling rates [6,15]. Notice that, pure zirconia is a poor ion conductor 
due to low number of vacancies available for conduction (Fig. 2). The low value of con-
ductivity results mainly from electronic conduction [6]. 
 
Figure 2: Metastable zirconia-yttria phase diagram, adapted from [12]. 
 
 So, simultaneously to the stabilization role at atmospheric pressure and room tempera-
ture of the high temperature metastable phases, the dopants incorporation gives rise to 
the ionic conductivity. This is promoted by the substitution of zirconium ion (Zr4+) in the 
lattice sites by divalent (Ca2+, Mg2+) or trivalent (Y3+, Sc3+, Nd3+, etc.) cations inducing the 
generation of oxygen vacancies (  
    for charge compensation, as described by the defect 
formation reaction according with Kroger-Vink notation (appendix 1) [16]: 
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However, due to Coulombic interaction between    
  and   
  , these two defects can be as-
sociate (clustering) giving rise to complex defects [7]: 
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and  
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At low temperatures, the association is almost complete, affecting the population of free 
vacancies [16]: 
[(      
 ]  [  
  ]       (2.4) 
and  
[  
  ]        (              ̅ ⁄      (2.5) 
where              corresponds to the association binding enthalpy, A is a constant, T the 
absolute temperature and  ̅ the gas constant. In this way, the ionic conductivity is given 
by: 
    [  
  ]                (2.6) 
where z is a charge number of ion and µ is the specie mobility expressed as: 
        (         ̅ ⁄      (2.7) 
here         is the enthalpy for motion and B is a constant. The activation energy for con-
duction (Ea) is given by                        . In this sense, the ionic conductivity is 
function of the concentration of charge carriers, temperature, number of vacancies sites 
and ion facility to move to another site.   
 The curvature at the Arrhenius plots of the electrical conductivity (Fig. 3) results from 








Figure 3: Arrhenius plots for three 
ZrO2-Y2O3 compositions showing 
different curvature with increasing 
























At high temperatures the complex defects dissociate completely. The oxygen vacancy 
concentration (in high temperature field) is ruled by the total concentration of dopant. So, 
           the migration enthalpy can be inferred from the slope of the temperature de-
pendence for conduction in the high temperature regime. The association enthalpy can be 
determined from the slopes difference between the higher and lower temperature ranges 
(Fig. 3). The curvature in the Arrhenius plots decreases for lower dopant amount, reaching 
almost straight line behaviour (Fig. 3) [6]. The high activation enthalpies for ion transport is 
the main disadvantage of (Zr,Y)O2 [17]. In fact, this also makes difficult the combination 
with other materials at low temperatures and the employment on the different electro-
chemical devices [17]. The relationship between the ionic conductivity and the migration 
and association enthalpies of different (Zr,M)O2 systems were resolved as function of the 
dopant ionic radius, as shown in Figure 4 [2]. The tendency for clusters formation increas-
es with increasing the variation between the ion radius of the zirconium and the dopant 
cation [2,18]. Therefore, the activation energy for association (ΔHa) decreases for ionic 
radii differences (Fig. 4).  
 
Figure 4: Maximum conductivity in the binary ZrO2-M2O3 system at 1000 ºC, and the ox-
ide ion conductivity migration and association enthalpies in function of the dopant (M - 
Sc3+, Yb3+, Er3+, Y3+, Dy3+, Gd3+,Eu3+) ionic radius, adapted from [2]. 
 
On the other hand, the mobility of the oxide ions does not only depend on clusters but 
also on lattice distortions. The later effect occurs essentially if the ion radius of the dopant 
cation is greater than the ion radius of the host lattice. In this sense, if the dopant cation 
radius is well-adapted to the ion radius of Zr4+ (rion=8.4 nm), the transport pathways will be 
less disrupted and the oxide ion mobility is higher [2,18]. Figure 4 depicts as well the max-



























































































imum conductivity (at 1000 ºC) of doped zirconia with respect to cation radius. The Sc-
doped (rion=8.7 nm) zirconia shows a higher conductivity than Y-doped (rion=10.2 nm) zir-
conia and Gd-doped (rion=10.6 nm) zirconia. Considering a small deviation between the 
ion radii of the dopant cation and Zr4+, the migration enthalpy (ΔHm) is low and therefore 
the mobility high. Otherwise, for a larger deviation in the radii, the activation energy for 
migration is increased and so the mobility and the conductivity decreased [2,18]. 
 The clustering involves only the nearest neighbour, which is responsible for the ob-
served low conductivity and increase of activation energy in highly doped ZrO2 [8]. The 
maximum ionic conductivity in ZrO2-based systems is observed for the minimum dopant 
concentration necessary to fully stabilize fluorite-type phase, as shown in Figure 5 [8].  
 
 
Figure 5: Conductivity of (Zr,Y)O2 as a function of mol.% Y2O3 content of single-crystal 
(open symbol) and polycrystalline samples (closed symbols). (a) The data at 400 °C are 
either for single-crystal or the grain-boundary conductivity of polycrystalline materials. (b) 
The data at 1000 °C for polycrystalline specimens are taken only for those materials which 
showed a very small grain-boundary resistivity at lower temperatures (about 400 °C), 
adapted from [6]. 
 
The conductivity clearly increases up to 8 mol.% Y2O3 at 1000 °C, above it, decreases 
significantly. Even not so clear, the conductivity at 400 °C shows the same trend. Further 
additions of Y2O3 above the minimum necessary to obtain fluorite phase increases the 






































mobility [2,6,19]. Since the relative contribution of the grain-boundary resistivity decreases 
rapidly with increasing temperature, the data at 1000 °C for polycrystalline materials can 
be considered to represent the bulk conductivity [6]. Notice that, similar changes were 
observed in other fluorite, perovskite and pyrochlore systems [2].  
 The transport properties of polycrystalline electrolytes do not only depend on the do-
pant but also on the sample microstructure. The symmetry of the crystal lattice is disrupt-
ed at the grain boundaries, which impedes the migration of oxide ions along the sample 
[18]. Therefore, the grain boundaries of doped-ZrO2 present a blocking effect to the ionic 
transport across them, i.e. specific grain-boundary conductivity [20]. In 1969, Bauerle et 
al. reported the blocking effect at ZrO2 grain boundaries based on impedance spectrosco-
py measurements [21]. AC impedance measurements followed by complex plane analysis 
of the data provide an accurate separation of the grain bulk and grain boundary conductiv-
ity. The frequency decreases with the real component of impedance. The bulk resistance 
is calculated from the interception of the higher frequency on the real axis. The intermedi-
ate arc corresponds to the grain boundary resistance, which diminishes with the increas-
ing of the temperature, while the arc at the lowest frequency is related to the electrode 
resistance. The blocking effect of the grain boundaries is often ascribed to siliceous impu-
rities, but even in highly pure (Zr,Y)O2 grain boundary conductivity is at least two orders of 
magnitude lower than that of the bulk one, depending on the temperature and dopant level 
[20,22].  
 In 1982, van Dijk et al. proposed that this effect happens on the charge layers adjacent 
to the grain boundaries, i.e. in the area that is depleted by mobile oxygen vacancies [23]. 
In Figure 6, the core of the grain boundary corresponds to positive charge and it is bal-
anced by a depletion of   
   and an increase of    





Figure 6: Schematic rep-
resentation of a grain 
boundary, consisting of 
one grain-boundary core 
(dash line) and two adja-
cent space-charge layers. 
Illustration of oxygen va-
cancy concentration pro-
file in grain, space charge 
layers and grain boundary 
core, adapted from [24]. x 
Space charge layer 
δgb 
V0¨ 



















The   
   depletion zone results in a much lower conductivity than the bulk zone with uniform 
distribution (Fig. 6). In detail, from a crystallographic point of view a grain-boundary is an 
crystallographic mismatch zone, where the space-charge layer is part of the bulk. Howev-
er, electrically the grain-boundary consists of a core added to the adjacent space-charge 
layers (Fig. 6) [20]. The ionic conduction of polycrystalline material can be modelled by 
the brick layer model (Fig. 7), where grains with a cubic profile of the same size and ho-
mogenous grain boundary were assumed.  
 
Figure 7: Illustration of real ceramic microstructure (left) and brick layer model (right) [24]. 
 
The bulk capacitance (Cbulk) and grain boundary capacitance (Cgb) are given by [24]: 
             
 
  
            (2.8) 
         
 
    
        (2.9) 
where A is the sample cross-section area,    is the vacuum permittivity, G the average 
grain size and n the number of grains that crossed through the current direction. If the 
dielectric constant of the space charge layer (   ) is approximated to that of the bulk 
(     ), the grain boundary thickness (   ) is given by,  
    
     
   
      (2.10) 
In this way, from the boundary thickness is known, the specific grain boundary conductivi-
ty (   
  
) is expressed by [24]: 
   
   
    
     
 
      
       
           (2.11) 
here     corresponds to the grain boundary resistance and   to the sample thickness. 
The specific grain-boundary conductivity is about two orders of magnitude lower than the 
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bulk conductivity [24]. The specific grain-boundary conductivity values for 8 mol.% Y2O3-
doped ZrO2 ceramic of high purity are plotted in Figure 8 as a function of temperature. The 
bulk conductivities are also plotted for comparison [24]. The activation energy for the bulk 
conductivity of 8 mol.% Y2O3-doped ZrO2 is ~1.05 eV, while for the grain boundary con-
ductivity is slightly higher ~1.16 eV (Fig. 8). The decrease of bulk conductivity for lower 









Figure 8: Bulk (closed symbols) and 
grain-boundary (open symbols) conduc-
tivities of 8 mol.% Y2O3-doped ZrO2 of 
high purity as a function of temperature, 
adapted from [24].   
 
 The intrinsic defects lead to an electron or hole conduction described by the follow 
equations, respectively [18]: 
  
       (     
    
                                   (2.12) 
     (     
     
                                      (2.13) 
 The ionic (  ) and electronic conductivity (   or   ) reported for ZrO2-based materials 
are function of temperature and oxygen partial pressure (   ), as depicted in Figure 9. The 
following equations describe the conductivity of each specie [25]: 
          
  (        
  )                         (2.14) 
          
  (        
  )(   )
    
          (2.15) 
          
  (        
  )(   )
   
        (2.16) 
where is the    is the Boltzmann constant. The ionic and electronic (p-type or n-type) 
conduction domains were now depicted in Figure 9a, as function of the     and tempera-
ture. The electronic conductivity (p or n-type) dominate at high temperature and for very 
high or very low     (Fig. 9a) [18,28]. For the stabilized-zirconia based electrolytes, the 






















independent of     (1<   <10
-20 atm), since the oxide ion conductivity is predominantly 
done through the oxygen vacancies [8,18,25].  
 
 
Figure 9: (a) Ionic, n-type and p-type conduction domains of yttrium-stabilized zirconia as 
a function of temperature and    , (b) electrical conductivity of yttrium-stabilized zirconia 
as a function of     [26,27]. 
 
 Considering the difficult conditions to process zirconia materials, requesting high tem-
peratures, high grain boundary resistivity and dissociation enthalpy, other materials based 
on oxide ion conduction were investigated as an alternative. Materials like LaYO3 and 





tion due to superior specie mobility [17]. In 1980, Iwahara et al. discovered the protonic 
conduction in ABO3 perovskites structure, namely they tried doped SrCeO3-based materi-
als as the solid electrolyte in fuel cells [29-35]. Later, higher protonic conductivity was 
found in doped-BaCeO3. Such behaviour was attributed to the larger lattice parameter 
which raises the proton mobility [36-39]. The conductivity of Ba(Ce,Yb)O3 in wet air 
reached 10-2 S/cm at 800 ºC, which is about one order of magnitude higher than that of 
Sr(Ce,Yb)O3 [40].  
The protonic conductivity is compromised by the composition, temperature (favourable 
hydration kinetics), proton mobility and chemical robustness [5]. In 1993, Iwahara began 
the study in distinct zirconates, as calcium, strontium and barium systems [41]. The bari-
um zirconate (BaZrO3) is an ideal perovskite (Table 1), according with the Goldschmidt 
tolerance factor given by: 
   (      (√ (      )⁄             (2.17) 
where    is the radius of the anion,    and    is the radius of the A and B cations, respec-
tively. From the crystallographic point of view, the perovskite structure ABO3, occurs only 
within the range 0.75<  <1.00. BaZrO3 has   =0.92, which means that the A-O and B-O 
bond length are equal to the sums of the corresponding ionic radii. Additionally, the rela-
tive stabilities of various barium perovskite oxides were inferred by    and the molar en-
thalpy of formation (   ) from the constituent binary oxides. The decrease of     follows 
the trend of   and increases with the ionic radius of the tetravalent cation (Zr
4+) [42]. How-
ever, the high   = 0.92 of BaZrO3 have been received special interest, due to a good 
chemical stability and high protonic conductivity at intermediate temperatures [41-43].  
 




Structure name Perovskite 
Structure type ABX3 
Coordination number of A:B:X 12:6:6 
Anion packing Cubic (FCC) 
Space group    ̅  




Melting temperature (ºC) 2978 
Young’s modulus (GPa) 243 
Vickers hardness (GPa) 4.95 
Linear thermal expansion (K
-1
) 7.13 10-6 
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From literature, an extensive list of synthesis method of barium zirconate is available: sol-
id state reaction, sol-gel, co-precipitation, thermal-decomposition and hydrothermal tech-
niques. Typically the procedures are extensive, particularly the solid state reaction which 
is commonly used, needing long time thermal treatments at elevate temperatures (~1700 
ºC), which is prone to the impurities incorporation [40,43,48,49]. 
Shevchenko et al. reported a ZrO2-BaO phase diagram (Fig. 10a) based on DTA (be-
tween 1800°-2800°C) and room temperature X-ray diffraction analysis of samples pre-
pared from ZrO2 and BaCO3 (both analytically pure), after calcining the powders at 
1200°C, and two steps annealing (1st-1300 °C, 2nd-1700 ºC).  Annealing was carried out 
isothermally in a furnace with a tungsten heating element in riveted molybdenum crucibles 
at 1700°C for 2 h.  The formation of a compound of equimolar composition (BaZrO3) which 
melts congruently was confirmed with a melting point of 2540 °C.  The liquidus has a eu-
tectic point at 25 mol.% BaO at 2240 °C. Moreover, BaO addition does not lower the tem-
perature of the polymorphic transitions of ZrO2 significantly [50]. Paschoal et al. disclosed 
another ZrO2-BaO phase diagram (Fig. 10b), where the samples were prepared from Ba-
ZrO3 and BaCO3 as raw materials, after calcinated at 1300°C (for 16 h) and then annealed 
at 1700°C (for 100 h).  This has a particular interest, concerning the new information re-
ported  for the melting of BaZrO3 at 2620 ºC and compositional differences for the (Ba-
ZrO3-ZrO2) eutectic point defined now at 15 mol.% BaO with a decrease of about 200 ºC 
for the eutectic reaction (2050 ºC) [51].  
Protonic conduction results from creation of   
   intrinsically, due to variations of the ra-
tio of the main constituents, or may be formed extrinsically to compensate the dopant in-
corporation [17]. The introduction of accepting substitutional defects as yttrium (extrinsic 
defects) into BaZrO3 and formation of   
     in the structure is expressed by the equation 
2.1, as a consequence [52,53]: 
[  
  ]    ⁄ [   
 ]               (2.18) 
In the presence of water vapour and intermediate temperatures (300-600 ºC), protons are 
introduced into the BaZrO3 lattice. The water dissociates into a hydroxide ion and a proton 
(hydration reaction). The hydroxide will be placed at the   
  , while the proton establishes a 
covalent bond with a lattice oxygen, according with the reaction given by [48,52,53]: 
      
     
   (    
        (2.19) 
and consequently generates protonic conductivity. The principal features of the transport 
mechanism are rotational diffusion of the proton defect and proton transfer towards a 
neighboring oxide ion [17,52]. The proton concentration in the oxide is, 
[(    
 ]    
   [  
  ]   (    )
   
            (2.20) 
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here Kh is the equilibrium constant for the hydration reaction. Protonic conductivity in-
creases for higher humidity levels and lower temperature, following the raise of water va-
pour solubility and the raise of proton concentration. The high temperatures lead to low 
water vapour solubility, so it was found that the protonic conductivity should be propor-
tional to (    )
1/2 [52,54].  
 
 
Figure 10: Phase diagrams of BaO-ZrO2 system reported by (a) Shevchenko et al. and 





In hydrogen atmospheres, protonic conduction is based on the molecular hydrogen disso-
ciation and then proton attachment at the oxygen ion site forming hydroxide ions (
 
 
   
  
  (    
    ) [49].  
The thermodynamic data for the formation and mobility of proton defects are found to 
be very sensitive towards the type/concentration of acceptor dopant. For barium zirconate, 
yttrium is found to perfectly match as an acceptor dopant on the Zr-site, i.e. the enthalpy 
of the formation (hydration enthalpy) and mobility of proton defects (activation energy) are 
almost unchangeable by doping (Fig. 11) [48]. Yttrium doping zirconate showed favoura-
ble proton mobility as evidenced by the lower enthalpy for proton mobility Ea=41.5 kJ/mol 
(Fig. 11), which slightly increases to 46.3 kJ/mol for higher yttrium concentration (from 2 
up to 20 mol.%) [48].  
 
Figure 11: Hydration enthalpy and activation energy of the mobility of proton defects in 
barium zirconate as function of the yttrium concentration, adapted from [48]. 
 
So, considering the same composition Ba(Zr,M)O3 and distinct dopants (M= Sc, Y, Ho, Dy, 
Gd, In), the highest ionic conductivity was obtained for the yttrium case,            
S/cm at 800 ºC (Fig. 12) [43]. However, proton mobility is function of dopant size, as 
demonstrated by the variation of activation energy for proton migration in distinct structural 
distortions [48,55]. Highly textured Ba(Zr,Y)O3 films obtained by pulsed laser deposition 
(PLD) on (100)-oriented MgO substrates, show the largest protonic conductivity (0.11 
S/cm, at 500 ºC) ever reported for such material [56]. 
Likewise zirconia, the protonic conductivity of Ba(Zr,Y)O3 is mainly controlled by the 
high resistivity of grain boundary, for lower temperatures. The structural distortions in the 














































defects, which result in raise of proton resistance [17,57]. This depends on the dopant 
type and concentration, once the enrichment of the dopant decreases the depletion zone 
size and is much effective to improve proton transport properties across the grain bounda-
ry. It was observed an enhancement of grain boundary and total conductivities for higher 
yttrium content (5 to 15 mol.%) [57,58]. 
 
Figure 12: Arrhenius plots of total conductivity for Ba(Zr,M)O3 (M - Gd, In, Dy, Sc, Ho and 
Y) in air with water vapour (at 23.5 ºC), adapted from [43]. 
 
II.1.2. Mixed conductivity 
 Recently, much attention has been given to mixed conductors materials. Taking ad-
vantage of their inherent versatility, numerous electrochemical devices have been devel-
oped [59-62].  Mixed conductors materials are capable to transport multiple species. They 
are defined as mixed ionic conductors (MIC) if transport oxide ions and protons, or mixed 
ionic-electronic conductors (MIEC) if ions and electron/holes are conducted [59-61]. Mixed 
conductivity in ceramics has been obtained by two distinct ways: single-phase materials 
under multiple atmospheric conditions or combining individual conductive phases into a 
composite structure which in the same conditions have propensity to transport different 
species [63].  
 When mixed conduction outcomes from different charge carriers such as anions, cati-
ons, electrons and electron holes, it is the transference number (t) that expresses the con-
tribution to the conductivity of each one.  The individual transference number depends of 
the oxide, doping and atmosphere [64].   



























where tion and             corresponds to the transference numbers of ionic [combining pro-
ton (    and/or oxide ions (  )] and electronic (electron and/or holes) species. The protonic 
(   ), oxygen ion (      and electronic (   ) conductivities can be separately measured 
and are typically function of composition, atmosphere and temperature. The electronic 
fraction combines the hole conduction through zirconia (conditions in Fig. 9) and barium 
zirconate (it prevails for    > 1 Pa, between 500-700 ºC) [49,64]. An equivalent circuit 
describing steady state can be planned for the electrolyte fraction. The ionic conductivity 
of binary system is given by; 
           (
        
       
)                   (2.22) 
and the hole currents is,  
           (
        
       
)                     (2.23) 
where         ,    ,      ,      and      are respectively the applied voltage, electronic-
type and ionic resistances of zirconia and barium zirconate. Then the measured total cur-
rent is given by; 
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)                             (2.24) 
or 
        
 
 
              
(        )        (        )       
        (2.25) 
For a predominant ionic (protonic, oxide ionic) conduction hole transport must be consid-
ered as negligible [59,65]. 
 Iwahara et al. disclosed the earliest single-phase materials having significant mixed 
protonic-oxide ionic conductivity based on BaCeO3-based electrolytes. The contribution of 
both species varies with the temperature, so distinct domains were defined. Protonic con-
ductivity prevails at 700 ºC and oxide ion conduction dominates at 1000 ºC [66-70]. Addi-
tionally, the tp and tO changes with the dopant type in BaCeO3, since they affect lattice 
spacing and distortion, which influence the mobility of ions (Fig. 13) [66-70]. The highest 
ionic conductivity (0.011 S/cm, at 600 ºC) was obtained for Ba(Ce,Gd)O3 (with 10 at.% of 
Gd) [71].  
 Later, Lybye et al. reported (La,Sr)(Sc,Mg)O3 (with 10% of strontium and magnesium), 
a single-phase material prepared by two different methods glycine-nitrate process and 
solid state reaction showing MIC behaviour [72]. Likewise for BaCeO3-based electrolytes, 
the mixed conductor domains were defined by the temperature and also by    . Electronic 
conductivity (~2.02×10-2 S/cm at 800 ºC) was found at high oxygen partial pressure (   =1 
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atm). However, for low     a combined protonic and oxide ionic conductivity were ob-
served below and above 800 ºC, respectively. Notice that below 700 ºC, the total conduc-
tivity (~1.9×10-4 S/cm at 600 ºC) is considerable lower than the obtained for Ba(Ce,Gd)O3, 
since protonic conduction prevails in this domain.  On the other hand, above 800 ºC, oxide 
ion conductivity is dominant and reached 1.6×10-2 S/cm at 800 ºC [71].  
 
 
Figure 13: Plots of transport numbers of (a) protonic and (b) oxide ionic conduction in 
Ba(Ce,M)O3 (M - Yb
3+, Y3+,Dy3+, Gd3+,Sm3+, Nd3+) as function of the dopant ionic radius, 
adapted from [67]. 
 
 The multiple charge carrier transportation was also observed in Ba(Zr,Y)O3 samples for 
proton, oxide ion and hole, under restricted conditions [49,52,54,64,73,74]. Notice that, 
the prevailing transported specie can be defined based on measurements with variable 
temperature, water vapour partial pressures (    ), hydrogen partial pressures (   ) and 
oxygen partial pressure (   ) [52,64]. In general, for a single-phase material, the protonic 
conductivity is dominant under reducing atmosphere and lower temperatures, while oxide 
ion and hole conductivities are evident in oxidizing conditions and/or high temperatures 
[52,64,74]. In oxidizing conditions, hole conduction was promoted by the dissociation and 
reaction of oxygen molecules with oxygen vacancies, according with (  
   
 
 
     
  
  
 ) [54]. The total conductivity can be estimated from           
    
   
, where    is the 
ionic conductivity (oxide ion and/or proton) and   
    
   
 is ascribed to hole conductivity (  
  
the pre-exponential factor with dimensions of conductivity and   is typically 4 or 6 depend-
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)⁄           (2.26) 
where   
  is the hole conductivity at  (   = 1 atm. 
 In dry conditions, the hole conductivity can be distinguish from ionic conductivity based 
on measurements performed at different     (Fig. 14) [49,52,64]. Indeed, the improvement 
of total conductivity observed for    > 1 Pa is ascribed to predominant hole conduction 
[49,64]. For    < 1 Pa (Fig. 14), the conductivity is independent of    , suggesting that the 
ionic conduction is predominant [49,64]. In the same way, Nomura et al. found for 
Ba(Zr0.8Y0.2)O3-δ oxide ion conductivity domain for    <10
-5 Pa. For         
    Pa 
reach          , leading to oxide ion conductivity  of  4.1×10
-3 S/cm at 1000 ºC, with Ea = 
72.4 kJ/mol [64]. This suggests mixed oxide ion and hole conduction under low      once 
it decreases with humidity [64]. In the wet state (Fig. 14), protonic conduction surpasses 
the hole conduction even for higher    . The proton defect reduces the hole concentration 
and hindered their mobility [49,52]. 
 
Figure 14: Dependence of the bulk conductivity of Ba(Zr,Y)O3 on     for 500, 600, and 
700 °C in wet and dry environment, adapted from [49]. 
 
Conductivity is independent of     in wet conditions, so protonic conduction must prevail 
[64]. Kuz’min et al. confirms this result, in dry air (    = 0.04 kPa, Fig. 15a) the 
Ba(Zr,Y)O3 is nearly purely hole-type, the temperature dependence of conductivity shows 
convex curves at the Arrhenius plots, with linear segments at the low and high tempera-
ture regions (Fig. 15a) [52]. The convexity of curves decreases with the increase in the 





























tion, which became more pronounced for higher humidity (     = 3.17kPa, Fig. 15c). The 
inflections in temperature (~750 ºC) was attributed to the overlap of ionic conductivity that 
arouse in humid air on the hole conductivity [52]. In dry air, the activation energy of hole 
conduction domain (high temperature), slowly decrease with yttrium content (0.05-0.20 
at.%) from 67.5 to 62.7 kJ/mol. Notice, for the smallest yttrium amount (0.02 at.%) the 
activation energy was much higher, 83.9 kJ/mol. Activation energies for lower tempera-
tures were higher and decreased more sharply with the increase of yttrium content. As the 
humidity increase, protonic conduction lead to an increment of the activation energies in 










Figure 15: Temperature dependence 
Ba(Zr1-x,Yx)O3-δ (x = 0.02-0.20) of conductiv-
ity at different air humidity (    ): (a) 0.04 
kPa, (b) 0.61 kPa, (c) 3.17 kPa. Numbers 
at curves correspond to yttrium percentage, 
adapted from [52]. 
 
 
At high temperature, the protonic conductivity is weakly dependent on yttrium amount, but 
it is strongly enhanced for lower temperature and/or high humidity levels [54]. 
 Oxide ionic conductivity of Ba(Zr,Y)O3 occurs via a vacancy mechanism, so it should 
be proportional to the concentration of oxygen vacancies. According to the hydration reac-
tion (Eq. 2.19), the concentration of vacancies decreases with increasing air humidity, and 







































































conduction was 72.4 kJ/mol in Ba(Zr,Y)O3 ceramics, which showing a conductivity of 
4.1×10−3 S/cm at 1000 ºC [64].  
 In summary, the hole conduction in Ba(Zr,Y)O3 materials is dominant in dry and high 
   , while the oxide ion conduction prevails in dry and low    . Protonic conduction gov-
erns below 600 ºC in the presence of water vapour and/or hydrogen [64]. Although, 
Gorelov et al. reported a mixed ionic conductivity in a humid atmosphere involving both 
ionic species protons and oxide ions (Fig. 16) [54]. The ionic and electronic conductivity 
are weakly dependent of the yttrium content, but ionic fraction increase for lower tempera-
ture and higher humidity levels (Fig. 16) [54].  
  
Figure 16: Temperature dependence of Ba(Zr,Y)O3 at     =3.57 kPa of (1) total conduc-
tivity, (2) ionic conduction fraction, (3) protonic conductivity and (4) oxide ion conductivity 
for (a) 2 at.% Y, (b) 15 at.% Y, adapted from [54]. 
 
 Several composites materials comprising doped-CeO2 and other inorganic compounds 
(salt, hydrates or oxides) have been studied [75-80]. Here, relevance must be given to 
binary-oxide systems combining typically a perovskite and fluorite structures, namely 
(Ce,Sm)O2-Ba(Ce,Sm)O3 [77,78], (Ce,Gd)O2-Ba(Ce,Gd)O3 [79] and (Ce,Sm)O2-
Ba(Ce,Y)O3 [80]. The mixed ionic conductor (Ce,Sm)O2-Ba(Ce,Sm)O3 was synthesized by 
sol-gel combustion method [78]. Protonic conductivity prevails below 550 ºC, once the 
highest total conductivity is 8.82×10-6 S/cm at 300 ºC under wet air (3% H2O). The  im-
provement of total conductivity under dry air over argon atmosphere evidence a hole con-
duction behaviour [78]. Later, it was studied the purely ionic (in wet air and from 700 to 
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phase volume ratio [77]. In fact, ionic conductivity prevails for higher ratio, while the higher 
Ba(Ce,Sm)O3 content lead to MIEC behaviour. The Ea did not change significantly, since 
oxide ion and hole conductivity were almost equivalent, while in wet atmosphere (from 
500 to 700 ºC) the protonic conductivity has lower Ea [77]. The highest ionic conductivity 
(2.2×10-2 S/cm at 750 ºC) was acquired for equal proportion 0.5(Ce,Sm)O2-
0.5Ba(Ce,Sm)O3. The ionic conductivity was controlled by (Ce,Sm)O2 at higher tempera-
ture (900 ºC), while below 750 ºC the Ba(Ce,Sm)O3 prevails [77]. 
 Likewise, the total conductivity (         S/cm at 800 ºC) of 0.8(Ce,Gd)O2-
0.2Ba(Ce,Gd)O3 prepared  by citrate route at 1450 ºC was mainly controlled by 
(Ce,Gd)O2. Although grain conductivity increases for higher Ba(Ce,Gd)O3 amounts, the 
reduction of total conductivity composite was ascribed to the decrease of the sum charge 
concentration. Additionally, it was observed that the reduction of  Ba(Ce,Gd)O3 grain siz-
es, lead to percolation improvement [79]. Another binary-system, (Ce,Sm)O2-Ba(Ce,Y)O3, 
synthesized by sol-gel and co-precipitation methods showed mixed conductivity [80]. In 
this case, it was reported a significant interfacial conduction between (Ce,Sm)O2 and 
Ba(Ce,Y)O3 phases, but the responsible mechanism was not revealed [80]. However, the 
main problem of these cerates-type materials are their poor chemical stability, which be-
come critical at lower temperatures, due to strong tendency of the alkali-earth hydroxides 
formation in addition to the carbonate formation [81]. On the other hand, the ZrO2-BaZrO3 
dual-phase fields defined for molar fractions of      ≥0.5,     ≤0.5 and for        up to 
0.68 on the solidus surface of the BaO-ZrO2-Y2O3 phase diagram (Fig. 17) are really 
promising, since it combines a high individual chemical stability and the highest conductiv-
ity at intermediate temperatures [81,82].  
 
Figure 17: The BaO-ZrO2-YO1.5 ternary phase diagram system at 1600 ºC [82]. 
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II.1.3. Ionic conductivity in DSE materials  
 The DSE materials have microstructural features often explored in order to obtain a 
substantial enhancement on their properties, namely electrical conductivity [83-85]. Typi-
cally, the maximum conductivity of directionally solidified materials is observed for compo-
sitions near the eutectic one, owing to the much finer and homogenous microstructure, 
along with better matching between phases and absence of intermediate segregations or 
voids between them, which commonly occurs in ceramic samples [85-87]. Notice that, 
most of the investigation done in the electric properties of DSE oxides was performed in 
ZrO2-based materials, where it have been combined an ionic conductor phase (ZrO2) with 
an insulating phase. In this way, a single phase is responsible for the conduction. 
 The first studies in DSE oxide systems were realized with (Zr,Ca)O2-CaZrO3 and 
(Zr,Mg)O2-MgO [84].  The eutectic domain size did not change considerably the conduc-
tivity, but the anisotropic effect is clearly revealed. Both systems comprise oxide ion con-
ducting phase 29 mol.% CaO stabilized-ZrO2 and 20 mol.% MgO stabilized-ZrO2 and oth-
er mainly insulating phases CaZrO3 (1.7×10
-9 S/cm at 1000 K) and MgO (10-10 S/cm at 
1000 K), respectively [85]. However, these DSE have significantly different microstruc-
tures. (Zr,Ca)O2-CaZrO3 shows lamellar arrangement well-aligned with growth axis, while 
a fibrous microstructure prevails for (Zr,Mg)O2-MgO DSE, consisting of MgO fibres im-
mersed into (Zr,Mg)O2 matrix. The anisotropic effect in the conductivity of both systems is 





Figure 18: Arrhenius plot of the conduc-
tivity for the (Zr,Ca)O2-CaZrO3 DSE: 
(open square) perpendicular to the 
growth axis, (closed square) parallel to 
the growth axis and (×) were values 
obtained on a granular sample (with 
eutectic composition). For (Zr,Mg)O2-
MgO DSE (open circles) perpendicular 
to the growth axis, (closed circles) par-
allel to the growth axis, adapted from 
[85]. 
 
The conductivity of (Zr,Mg)O2-MgO DSE is the highest, not showing the anisotropic effect. 
In this system, the matrix corresponds to the conducting phase, and so there are always 
























 (Zr,Ca)O2-CaZrO3 composites were also prepared by conventional sintering according 
with the eutectic composition, revealing random granular microstructure. The ionic con-
ductivity of (Zr,Ca)O2-CaZrO3 along the growth direction (parallel to lamellae plane) is 
higher than that in perpendicular direction, while random granular sample lying between 
them [85]. The conductivity of the (Zr,Ca)O2-CaZrO3 composites can be predicted based 
on the general mixing equation defined for multiphase materials. For a random granular 
ceramic sample assuming spherical particle shape [85],  
(    
    
     
  
    
     
          (2.27) 
where   is the filling factor and corresponds to the volume fraction of the conducting 
phase, while    and    are the conductivity of each single phase. The DSE conductivity 
having well-aligned lamellar arrangement parallel to the growth axis is given by [85]: 
          (           (2.28) 
While, for the perpendicular direction: 
      [(   ⁄   (     ⁄  ]
          (2.29) 
The estimated values are in agreement with those obtained experimentally, as depicted in 
Table 2. The differences in the       was ascribed to the lamellar miss alignment [85].  
 
Table 2: DC conductivity (S/cm) data at 600 ºC for the eutectic (Zr,Ca)O2-CaZrO3 system 
[85,88]. 








The DSE conductivity was not drastically lower than in (Zr,Ca)O2 single-crystal grown by 
LFZ [84,89]. However, a substantial reduction of volume fraction (41 vol.% (Zr,Ca)O2) of 
the conducting phase in DSE materials is necessarily imposed by the eutectic composition 
[84]. Even through that, the mixed ionic conductor behaviour was not explored, the distinct 
conductive nature of (Zr,Ca)O2 and CaZrO3 was mentioned [89].  
 The eutectic composition is effectively a limitation imposed to the DSE ionic conductivi-
ty, as illustrated Figure 19a by the higher total ionic conductivity of tetragonal zirconia pol-
ycrystalline (TZP) ceramic with respect to Al2O3-ZrO2(3 mol.% Y2O3) DSE. Considering 
this result, the growth rate and composition of directionally solidified Al2O3-ZrO2(3 mol.% 
Y2O3) systems were explored in order to improve the ionic conductivity. 
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 So, the eutectic (33.5 vol.% stabilized-ZrO2) composition were tested along with two 
off-eutectic ZrO2-rich composition (40,45 vol.% stabilized-ZrO2).  
  
  
Figure 19: Arrhenius plots of the conductivity of the LFZ grown samples (a) eutectic com-
position and total (diamonds) conductivity of TZP (ZrO2-3 mol.% Y2O3) ceramic, (b) off-
eutectic compositions. The influence of grown rate (c) 10 mm/h and (d) 300 mm/h, 
adapted from [88]. 
 
Indeed, the conductivity slightly increases with the growth rate, which was ascribed to the 
anisotropic effect revealed by the elongated profile of zirconia particles along the growth 
axis. For the fibres grown at the slowest rates (10 mm/h), the ionic conductivity increases 
sharply (2.8 times, Figs. 19b,c) with the rise of zirconia content (up to 12 vol.%). However, 
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the constitutional undercooling. So, the maximum conductivity was precluded for ZrO2-
richest off-eutectic compositions (Figs. 19b,d), due to the reduction of the effective volume 
contributing to conduction by the development of primary ZrO2-dendrites which are poorly 
conductive. 
 The YSZ-Al2O3 DSEs was assayed as a Nernst glower element, due to the outstanding 
mechanical strength and the appropriate ionic conductivity [90]. The DSE was preheated 
to 815 ºC and reached 1600 ºC upon dissipating 14 W, showing suitable thermal shock 
resistance. After 160 h working, no mechanical damage or conductivity decline was identi-
fied. However, the DSE microstructure greatly changed from colony-type to coarsening 
microstructure. These attempts are very attractive and support the research for other DSE 
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Ceramic composites based on zirconia and barium zirconate are expected to possess 
good thermomechanical properties and mixed ionic (protons and oxide ions) transport 
properties. However, their processing by conventional sintering is difficult due to their re-
fractoriness. This work reports on the processing of a directionally solidified yttrium-doped 
ZrO2-BaZrO3 eutectic by the laser floating zone (LFZ) method, with a focus on the effect of 
growth rates between 20 mm/h and 100 mm/h. X-ray diffraction and Raman spectroscopy 
data confirmed the presence of tetragonal ZrO2 and cubic BaZrO3 phases. Scanning elec-
tron microscopy reveals a fine eutectic microstructure, changing from coupled to colony-
type morphology with increasing growth rate. Periodically spaced bands with a coarse 
eutectic microstructure are also observed. X-ray energy dispersive spectroscopy shows 
that the yttrium tends to occupy the ZrO2 lattice. Both ZrO2 and BaZrO3 phases display 
contiguity without interphase boundaries, according to impedance spectroscopy data. It is 
further shown that the ionic conductivity of the fibres is not influenced by the water vapour 
partial pressure, and it is slightly lower (         S/cm at 824 ºC) than for pure YSZ 
(ZrO2)0.97(Y2O3)0.03 (         S/cm at 800 ºC). These results suggest that oxide ion 
transport through zirconia dominates the conduction mechanism, in agreement with the 
observed preferential location of yttrium in the zirconia phase. 
 
 








 Zirconia-based ceramics, particularly yttrium-doped zirconia, (Zr,Y)O2, are well estab-
lished engineering materials due to an unusual combination of high ionic conductivity, 
mechanical strength, fracture toughness, thermal insulation and refractoriness. The appli-
cation of these materials as the functional core of gas sensors, fuel cells and thermal bar-
rier coatings are established markets [1]. However, they still suffer from important draw-
backs. For example, the limited resistance to thermal cycling (due to phase transfor-
mations) and corrosion problems (due to excessive oxide ion conduction) of yttrium-doped 
zirconia when applied as a thermal barrier [2]. Several alternatives to (Zr,Y)O2 for applica-
tion as thermal barrier have indeed been suggested [2], including the zirconates SrZrO3, 
La2Zr2O7, and BaZrO3 [3]. These authors reported that the BaZrO3 coatings are not very 
resistant to thermal cycling due to BaO loss, but it has been later defended that the ther-
mal shock resistance of yttrium-doped zirconia thermal barriers can be enhanced by a 
(Zr,Y)O2-BaZrO3 composite protective coating deposited by plasma spray [4]. 
 From a fuel cell and related applications perspective, current efforts are made towards 
reduction of the operating temperature of the device by exploiting new material combina-
tions or designs [5-7]. The high oxide ion conductivity of (Zr,Y)O2 (0.1 S/cm) is available 
only at temperatures close to 1000 °C, being considered an important limitation to the use 
of zirconia solid electrolytes in devices operating below 800 °C [5,8]. Ceramic proton con-
ductors with a perovskite-type structure (ABO3), such as barium zirconate (BaZrO3), hav-
ing high protonic conductivity at moderate temperatures (450 - 650 ºC) and possessing 
good chemical stability and high mechanical strength, are considered very promising can-
didates [9-12]. The combination of such proton conducting ceramic with an oxide ion con-
ductor such as (Zr,Y)O2 is a potentially interesting approach for the development of com-
posite mixed ionic solid electrolytes for electrochemical applications such as fuel cells, 
electrolyzers or sensors able to operate in a broad range of conditions, namely tempera-
ture [13-15].  
 However, both the zirconia and the barium zirconate demand for high sintering temper-
atures, with BaZrO3 being particularly difficult to produce as a dense ceramics, requiring 
sintering temperatures as high as 1700 °C [12]. The ZrO2-BaZrO3 phase diagram presents 
a eutectic transformation that can be advantageously used for the synthesis of this com-
posite by solidification from the melt. The literature is contradicting on the exact eutectic 
composition, reported to occur at 2240 °C for 50 mol.% BaZrO3:50 mol.% ZrO2 [16] or, 
very distinctly, at 2050 °C for 29 mol.% BaZrO3:71 mol.% ZrO2 [17]. Regardless of the 
actual composition, this type of eutectics belongs to an important class of multiphase ma-
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terials with unique morphology outcoming from their single solidification procedure, where 
a cooperative growth of two solid phases from a liquid takes place.  
 These oxides, however, are extremely refractory (ZrO2 melts at 2720 ºC, and BaZrO3 at 
~2620 ºC) precluding conventional melting in a crucible. The laser floating zone (LFZ) 
method is often used to obtain directional solidification eutectic (DSE) oxide materials, 
yielding multiphase microstructures with preferential grain alignment [18-20]. The large 
thermal gradient employed at the solidification interface yields typical microstructures con-
sisting of interpenetrating columnar grains of both eutectic phases. This is favourable for 
electrical percolation, and has the added benefit of minimizing the formation of grain 
boundaries in the conducting phase [18,19]. The latter may be an important advantage 
over conventional polycrystalline ceramics, where electrically resistive grain boundaries 
contribute in large measure to the overall high resistance at low temperatures (300-700 
°C) measured for (Zr,Y)O2 (with 3 mol.% Y2O3) [7,21], and particularly for Ba(Zr,Y)O3 [12]. 
The investigation of DSE produced by LFZ has already been reported for several zirconia-
based materials, including Al2O3-ZrO2, NiO-ZrO2, MgO-ZrO2 and CaO-ZrO2 [18,19,22,23], 
but not for ZrO2-BaZrO3, at least to the best of our knowledge. 
  In this study we describe the development of (Zr,Y)O2-BaZrO3 composite fibres pro-
cessed by LFZ. A detailed structural and morphological characterization is presented in 
order to understand the influence of the growth conditions on the microstructural features 
of the composites. These are, on a second part of the paper, correlated with the electrical 
properties measured by impedance spectroscopy under variable temperature and in dry 




 The LFZ apparatus (previously described in [24]) comprises a continuous excited dou-
ble tube 200 W CO2 laser working in the TEM00 mode (Spectron-GSI group) and a reflexi-
con mirror to convert the original cylindrical laser beam to a circular crown shape. The 
fibres were grown from rods of BaCO3 (Flucka 99%) and (ZrO2)0.97(Y2O3)0.03 (Tosho Co.) in 
molar fractions of 0.25 and 0.75, respectively (nominal molar composition 24.9% BaCO3 - 
71.7% ZrO2 - 4.4% YO1.5). This composition corresponds to the eutectic BaZrO3-ZrO2 re-
ported by Shevchenko et al. [16] (50 mol.% BaZrO3:50 mol.% ZrO2), which has an excess 
of BaO with respect to that suggested by Paschoal et al. [17] (29 mol.% BaZrO3:71 mol.% 
ZrO2). However, stoichiometric deviations resulting from BaO volatilization due to the 
proximity between the melting and boiling temperatures of this oxide were predictable. 
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This was, as shown ahead, a correct assumption since our results confirm the phase dia-
gram by Paschoal and co-authors. The rods with ~1.4 mm in diameter were obtained by 
cold extrusion of mixtures of the precursor powders (dry milled for 1h30m) and polyvinyl 
alcohol (PVA) as binder (Sigma-Aldrich 99%, hydrolyzed). 
 Figure 1 shows snapshots obtained with a CCD camera of the early stages of the LFZ 
process. The seed and the feed rods are aligned (Fig. 1a) before melting (Figs. 1b,c). 
Both tips contract at this point due to decomposition of the binder (Fig. 1d), which is when 
the laser power is increased (Fig. 1e) until both molten zones are joined (Fig. 1f). After 
stabilizing the molten zone, the fibre is pulled downwards at variable rate (20, 50 and 100 
mm/h), always in air. The feed/seed pulling rates were independently controlled in the 
range 2/1 to 3/1 to maintain a constant fibre diameter, with both rods rotating at 5 rpm in 
opposite directions. 
 The structural characterization was performed by X-ray diffraction (XRD) with a Rigaku 
Geigerflex diffractometer, Cu-Kα radiation, step width 0.02°, from 4 to 80° and with a scan 
rate of 3° min-1), and by Raman spectroscopy using a Horiba Jobin Yvon HR800 system 
(with a laser wavelength of 532 nm). The microstructures of transverse and longitudinal 
fibre sections were observed on polished surfaces by scanning electron microscopy 
(SEM) and energy dispersive X-ray spectroscopy (EDS) on a Hitachi S4100 microscope. 
SEM images were analyzed with the Image J 1.45s software [25] to measure the fraction-
al area occupied by each phase.  
 Impedance spectroscopy was used to evaluate the electrical conductivity in dry and 
wet atmospheres of air and of a 95%N2+5%H2 gas mixture, always under variable tem-
perature from 350 to 1000 °C. The nominal dry atmospheric conditions were obtained by 
flowing 50 mL/min of the gas through a column with a desiccating agent. Alternatively, the 
same flow was humidified through another column containing distilled water at a room 
temperature, with a corresponding water vapour pressure of ~3.5 kPa. The oxygen partial 
pressure inside the chamber was monitored by means of an (Zr,Y)O2 potentiometric sen-
sor, whereas the water vapour partial pressure was monitored at the exit of the chamber 
by means of a resistive humidity sensor. The measured fibre pieces were cut to around 5 
mm in length from the central part of the grown fibres. Afterwards, electrodes were applied 
to the tips with a platinum paste followed by a thermal treatment at 1000 ºC for one hour 
(to ensure the necessary mechanical stability of the electrodes). The spectra were collect-
ed with a Hewlett Packard 4984a LCR meter in the frequency range from 20 Hz to 1 MHz 









Figure 1: Snapshots obtained with a CCD camera of the initial growth stages of the ZrO2-
BaZrO3 fibres by the LFZ method: (a) alignment of seed (bottom) and feed (top) rods; (b) 
feed melting; (c) seed and feed melting; (d)  contraction of the tops due to PVA decompo-







II.2.3.  Results and discussion 
II.2.3.1. Fibre appearance and structural characterization 
Figure 2 shows the typical appearance of the ZrO2-BaZrO3 ceramic fibres obtained by 
the LFZ process with lengths up to 25 mm and diameters in the range 1.1-1.4 mm. Sur-
face striations perpendicular to the fibre axis are visible in the macrograph, as observed in 
other directionally solidified ceramic systems [24]. Such growth striations are due to the 
thermal asymmetry of the molten zone resulting from the displacement of the rotation axis 
from the thermal centre. 
 
Figure 2: ZrO2-BaZrO3 fibre grown at 100 mm/h by the LFZ method. 
 
The XRD analysis of powdered fibres confirms the presence of the expected mixture of 
cubic BaZrO3 (Fm ̅m space group, JCPDS card file 01-072-7548) and tetragonal ZrO2 
(P42/nmc space group, JCPDS card file 01-088-1007) phases, as shown by the patterns 
in Figure 3. It is interesting to note that the tetragonal structure of the (ZrO2)0.97(Y2O3)0.03 
precursor is retained after melting, with no obvious precipitation of the monoclinic poly-
morph in the fibres. This series of XRD patterns also suggests that the growth rate does 
not have a significant influence on the phase nature of the fibres. However, it is apparent 
that the ratio between the XRD intensity of the BaZrO3 (211) and ZrO2 (112) reflections 
increases with increasing pulling rate, suggesting an increase of the BaZrO3 fraction due 
to the reduction of the time for barium evaporation. 
Figure 4a shows the Raman spectra obtained for fibres grown at different pulling rates. 
The improved signal-to-noise ratio and the narrower, better defined peaks observed in the 
spectra obtained for the fibres grown at slow rate suggest a higher crystallinity for these 
samples. The spectra were acquired at the polished longitudinal and transversal cross-
sections, in order to evaluate the fibres anisotropy. However, no clear evidence of anisot-
ropy was observed, since the ZrO2 Raman signal dominates and this phase is randomly 
distributed. Therefore, only the data from the transversal configuration were systematically 
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considered, along which the good homogeneity was verified. The main bands correspond 
to six theoretically Raman-active modes for the tetragonal phase of zirconia (A1g at 602 
cm-1, 2B1g at 319 and 648 cm
-1, and 3Eg at 149, 269 and 461 cm
-1) [26], as depicted in the 
inset of Figure 4b for a fibre grown at 100 mm/h. The weak Raman contributions at 208 
and 751 cm-1 were assigned to BaZrO3 [27,28]. According to the literature, no first-order 






















Figure 3: X-ray diffraction patterns 
of ZrO2-BaZrO3 eutectic fibres 
grown at 20, 50 and 100 mm/h. BZ 
and Z are acronyms of BaZrO3 and 
tetragonal ZrO2, respectively. 
 
However, local structural distortions (dopant incorporation, existence of oxygen vacancies, 
etc.) break the selection rules thus allowing the observation of several Raman bands [28]. 
In this case, two main distinct regions can be observed in the BaZrO3 spectrum: i) up to 
250 cm-1, involving the cationic network and the lattice vibration modes; ii) up to 800 cm-1, 
featuring bending (300-500 cm-1) and stretching (above 600 cm-1) modes of the ZrO6 octa-
hedron [29]. Although the remaining band at 691cm-1 cannot be definitely assigned, it may 
correspond to the weak right “shoulder” (B1g at 638 cm
-1) observed in tetragonal ZrO2 
[30,31]. 


























































































































































Figure 4:  (a) Raman spectra (normal-
ized to the 149 cm-1 band) obtained at 
the transversal cross-sections of ZrO2-
BaZrO3 eutectic fibres grown at 20, 50 
and 100 mm/h. (b) Typical fitting of a 
100 mm/h fibre spectrum, based on 
Gauss-Lorentzian functions after linear 
background removal (LabSpec 5.25 
software). BZ - BaZrO3 phase, * - non 
identified band and the remaining 




II.2.3.2. Solidification bands 
The directional growth process of fibres with ZrO2-BaZrO3 eutectic composition leads to 
the occurrence of solidification bands appearing as dark lines in the low magnification 
SEM views of longitudinal sections shown in Figure 5a to c. These quasi-periodic micro-
structural features extend from the periphery of the fibre to the centre in a convex shape 
similar to the solidification front. In longitudinal sections, the distance between consecutive 
bands is a function of the pulling rate. The band inter-distance in fibres grown at 20, 50 
and 100 mm/h, is ~85, ~155 and ~325 μm, respectively, closely matching the solidified 
length per one turn of the eutectic rod [32]. These solidification bands are also observed in 





































Banding phenomenon has been extensively studied mainly for metallic systems [33,34], 
where they are identified by quasi-periodic structures that develop parallel to the moving 
solidification front, consisting of alternating regions with different microstructure or compo-
sition, or both features simultaneously [33]. Banding was observed both at low (e.g. weld-
ing) and rapid (e.g. melt spinning) solidification processing. Externally driven (due to the 
solidification technique) or internally driven (from the solidifying system) causes are be-
neath the phenomenon. Under the relatively low solidification rates of the present system, 
external causes prevail and the progression velocity of the solid-liquid interface is smaller 
than the velocity of the unstable flow [33]. These instabilities may arise from periodic per-
turbations in the melt driven by buoyancy convection or by the surface energy Marangoni 
flow [33]. In LFZ processing, laser power fluctuations and axis misalignments may also 
contribute to the phenomenon [35]. 
  
   
Figure 5: SEM micrographs illustrating the banding phenomenon observed at the longitu-
dinal cross-sections of ZrO2-BaZrO3 fibres grown at 20 mm/h (a), 50 mm/h (b), 100 mm/h 
(c), and of the transversal cross-section of fibres grown at 50 mm/h (d). 
 
The final eutectic microstructure is controlled by the shape of the solidification inter-
face, which, unfortunately, cannot be directly monitored during growth. However, the as-
pect of the bands is that of frozen-in interfaces, thus providing a good indication of the 






oscillates around the pulling rate, leading to quasi-periodic, alternating fine and coarse 
regions resulting from the rupture of the solidification front [35]. The growth rate fluctuation 
during LFZ is promoted by convective instabilities and related temperature oscillations at 
the solidification interface [36]. 
 
II.2.3.3. Coupled and colony eutectic microstructures 
Banding inhomogeneities were also reported for directionally solidified ceramic eutec-
tics based in oxide systems such as Al2O3/ZrO2(Y2O3) eutectic rods processed by  LFZ 
[32,35]. In this system, bands presenting a coarse eutectic microstructure intercalate be-
tween finer eutectic regions. Very similar solidification bands are observed in the present 
system, particularly at the lowest pulling rate (20mm/h), where the band frequency is the 
highest (Fig. 5a). The two alternating regions have a similar morphology, but with a differ-
ent length scales, also comprising coarse (Fig. 6b) and fine (Fig. 6c) eutectic-like patterns. 
The former correspond to the solidification bands whereas the latter appear in the inter-
band regions.  
The bands show the coupled (interpenetrating) microstructure of ZrO2 (dark) and Ba-
ZrO3 (light). In this eutectic constituent, the dark phase has a globular morphology aligned 
perpendicularly to the banding curvature, as shown by Figure 6a. At the slowest pulling 
rate (20mm/h), where bands predominate (Fig. 6a), the distance between bands is short 
and the finer eutectic at the inter-band regions is irregular, without any preferential orienta-
tion (Fig. 6c). The corresponding transversal cross-sectional micrographs confirm the ir-
regularity of the eutectic morphology (Figs. 7a and b).    
A significant decrease of the band periodicity is observed when the pulling rate in-
creases to 50mm/h (Fig. 5b). Again, the band morphology is somewhat globular (Fig. 6e), 
but the inter-banding eutectic displays a regular lamellar ZrO2-BaZrO3 microstructure that 
is preferentially aligned with the fibre axis (Fig. 6f). The development of ill-defined colonies 
immediately after the banding are observed for this pulling rate, both in the longitudinal 
(Fig. 6d) and the transversal (Figs. 7c and d) sections of the fibre. 
The maximum pulling rate (100mm/h) further increases the band inter-distance (Fig. 
5c), and a columnar colony microstructure clearly develops in the inter-band region (Fig. 
6g), consisting of the ZrO2-BaZrO3 lamellar eutectic micro-constituent (Figs. 6h and i). A 
thick zirconia-rich boundary region exhibiting a coarser microstructure is apparent be-
tween the colonies (Fig. 6h). In the longitudinal sections of the fibre, the colonies present 
































   
Figure 6: SEM micrographs of longitudinal cross-sections of ZrO2-BaZrO3 fibres grown at 20 mm/h (a, b, c), 50 mm/h (d, e, f) and 100 






























   
Figure 7: SEM micrographs of the transversal cross-sections of ZrO2-BaZrO3 fibres grown at 20 mm/h (a, b), 50 mm/h (c, d) and 100 mm/h 
(e, f). 
a. c. e. 
b. d. f. 
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This pulling rate magnitude is enough to install columnar growth conditions that disrupt the 
coupled eutectic growth, according to the well-known constitutional undercooling criterion 
originally derived by Chalmers [37]. Lastly, note the apparent contiguity of both phases in 
all the captured images, denoting the absence of any type of interphase boundaries, in 
particular grain boundaries, as expected for ceramic components processed by the LFZ 
method.  
 
II.2.3.4. Compositional effects 
The simple observation of band and inter-band regions suggests compositional differ-
ences in terms of the fraction of each phase. The semi-quantification of the fractional sur-
face areas (equivalent to volume percentages) of SEM micrographs is illustrated in Figure 
8. The inter-band regions of all samples (Figs. 8d to f), regardless of the pulling rate, ex-
hibit a composition of ~50 vol.% BaZrO3:50 vol.% ZrO2 that fits to the ZrO2-BaZrO3 eutec-
tic (29 mol.% BaZrO3:71 mol.% ZrO2) [17,38]. This value deviates from the nominal com-
position (25 mol.% BaO:75 mol.% ZrO2 or 29 vol.% BaZrO3:71 vol.% ZrO2) showing that 
some barium loss under the laser beam took place. This is somehow expected given the 
extremely high temperatures attained during the LFZ process (at least higher than the 
melting point of ZrO2, 2720 °C), which are clearly higher than the boiling point of BaO 
(2000 °C). It is perhaps interesting to reinforce that our results support the eutectic com-
position of the phase diagram proposed by Paschoal et al., instead of the one (50 mol.% 
BaZrO3:50 mol.% ZrO2) reported by Shevchenko et al. [16], currently available in the 
Factsage data base [39]. 
The vaporization of barium can also disturb the solidification front, further contributing 
to the microstructural banding discontinuity. The band front starts by nucleation of the zir-
conia phase with a finer structure that coarsens towards the band periphery (Figs. 6a, 7a 
and 7c). The band composition obtained at 20 mm/h (~25 vol.% BaZrO3:75 vol.% ZrO2) is 
even richer in ZrO2 than the eutectic composition of the inter-band region, revealing an 
additional loss of barium. At such slow pulling rates the exposure time of the material to 
high temperatures is relatively high and bands perform as self-adjusting compositional 
discontinuities. At the highest pulling rate (100 mm/h), the vaporization time is shorter than 
for 20 mm/h, and thus the inter-band and band compositions are similar (Figs. 8c and 8f). 
An intermediate situation is observed for fibres pulled at 50 mm/h with ~45 vol.% Ba-





























Figure 8: Binary images showing the distribution and the corresponding fractional areas 
of ZrO2 (white) and BaZrO3 (black) phases at the band (a, b, c) and inter-band regions (d, 
e, f) observed along the longitudinal cross-sections of fibres grown at different pulling 
rates. Note that these images are negatives of the original micrographs, where ZrO2 ap-
pears in darker grey and BaZrO3 in a lighter tonality. 
 
The EDS analysis performed in a fibre grown at 100mm/h clearly shows that the yttrium 
tends to prefer the ZrO2 fluorite structural environment (Fig. 9a). This is also apparent 
across a fine eutectic lamellar region, where the yttrium follows the inverse trend of the 
barium concentration profile (Fig. 9b).  
BaZrO3 - 49%  ZrO2 - 51% BaZrO3 - 25%  ZrO2 - 75% 
BaZrO3 - 50%  ZrO2 - 50% BaZrO3 - 45%  ZrO2 - 55% 








Figure 9: (a) EDS spectra of BaZrO3 (black dash line) and ZrO2 (blue continuous line) 
from 100 mm/h grown fibres. (b) Elemental EDS concentration profiles for yttrium, zirconi-
um and barium superimposed to a 100 mm/h fibre micrograph along the white line across 
ZrO2 (light grey)) and BaZrO3 (dark grey) regions. 
 
The relevance of the yttrium dopant for the properties of these materials (e.g. crystal 
structure, ionic conductivity, mechanical properties) and the potential impact of this com-
ponent on the processing conditions (e.g. type of dopant, precursors composition, laser 
power, pulling rate) and resulting microstructure, are issues currently being addressed. 
 
II.2.3.5. Phase contiguity by impedance spectroscopy 
In polycrystalline oxide ion conductors such as Y-doped zirconia, the space-charge po-
tential existing at grain boundaries depletes the oxide vacancy concentration along these 
regions, hence locally reducing the conductivity with respect to the bulk. The high density 
of resistive grain boundaries existing on conventional ceramics with a grain size of the 
order of few micron (or less) will have a significant impact on the total resistance of the 
sample. Due to differences in the ionic relaxation frequencies (lower in the grain bounda-
ry), impedance spectroscopy is a suitable method to separate the resistive contributions of 
the bulk and the grain boundaries to the total resistance of the sample, thus providing a 
very solid correlation between the conductivity and the microstructure [40-42]. Contrarily 
to conventional polycrystalline yttrium-doped zirconia or barium zirconate displaying two 
semicircles ascribed to the ionic relaxations in the bulk and grain boundaries [40,41], the 
Nyquist plots obtained for the fibres prepared in this work show only one semicircle with a 
capacitance in the range of 10 to 20 pF (Figs. 10a to c). These values are of the order of 
magnitude expected for the bulk capacitance (Cb) measured for pelletized samples of a 

































































trode areas of 0.25-0.5 cm2), but are much higher than those expected for a similar mate-
rial with the geometrical factor of the fibres (length <5 mm combined with extremely small 
electrode area < 0.01 cm2).  In this case, the Cb = εrε0SL
-1 should be close to 0.05 pF (εr is 
the bulk relative permittivity (taken as 30), ε0 is the permittivity of the vacuum (8.85410
-14 
F/cm), S is the surface area of the electrodes (0.01 cm2) and L is the length of the fibre 
(0.5 cm). This means that the semicircle observed in Figure 10 cannot be due to ionic 
transport in the bulk of the grains.  
Grain boundaries represent resistive contributions to ionic transport due to the for-
mation of a space charge layer [42]. The resulting capacitances (Cgb) are typically 2 or-
ders of magnitude higher than Cb. According to the brick layer model of ionic transport in a 
polycrystalline ionic conductor such as stabilized zirconia, the grain boundary capacitance 
can be estimated by Cgb=CbGδ
-1, where G is the average grain size and δ is the grain 
boundary thickness [40]. Considering Cb=0.05 pF (as estimated above) and assuming δ≈2 
nm [42], the Cgb is of the order of 27, 270 and 2700 pF for G=1, 10 and 100 µm, respec-
tively. The estimates for the two large grain cases cannot explain the Nyquist plots, where 
the capacitances (10-20 pF) are much lower. The 1 μm sized grains may indeed yield Cgb 
values similar to the capacitances measured experimentally. However, such hypothetic 
fine-grained microstructure is far from that observed by SEM, as depicted in Figures 5 to 
8. Moreover, neither the shape of the spectra nor the capacitances change with the pulling 
rate (Fig. 10c), which means that they are independent of the fibre microstructure. The 
only reasonable explanation for the observed capacitive effects contribution is thus the 
stray capacitance of the experimental set-up (mainly the cables), which is typically of few 
pF. This capacitance is in parallel with the (much lower) sample capacitance and the 
(much higher) sample ohmic resistance.   
The onset of a low frequency tail with increasing temperature observed in Fig. 10a indi-
cates the growing importance of the electrode impedance, which dominates the spectra at 
the high temperatures. However, the high frequency capacitive stray contribution persists 
up to high temperatures, disappearing only above 900 °C, when the fibre resistance is 
sufficiently low and the corresponding relaxation frequency increases to levels well above 
the 1 MHz upper limit of the LCR meter. In spite of the dominating stray capacitance, the 
fibre resistance can be easily estimated as corresponding to the amplitude of the semicir-
cle for temperatures up to 900 °C, and then on to the high frequency intercept with the 
real axis of the electrode contribution.   
As expected for an ionic conductor, the total resistivity of ZrO2-BaZrO3 eutectic fibres 
decreases with increasing temperature (Fig. 10a). The spectra remain essentially unal-
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tered by changing the surrounding atmosphere from air (oxygen partial pressure,    =21 
kPa) to the hydrogen atmosphere (    lower than 110
-16 Pa at all temperatures), thus 
suggesting pure ionic conduction (and residual n-type electronic transport). No evidence 
for proton conductivity could be found either, in agreement with the insensitivity of the re-
sistivity to changes in the water vapour pressure in the surrounding atmosphere, both the 
air and the hydrogen containing mixture (Fig. 10b).  
All these observations strongly suggest that the transport properties of the fibres are 
dominated by the oxide ion conductivity along the yttrium-doped zirconia phase. In fact, 
the zirconia is essentially a pure solid oxide electrolyte with negligible electronic and pro-
tonic conductivities. Therefore, any proton transport in the composite fibres would neces-
sarily occur through the barium zirconate, but not in pure BaZrO3 since the yttrium doping 
of BaZrO3 is fundamental to promote the proton conductivity [43].
 The electrical behaviour 
of the fibres is thus in excellent agreement with the EDS and Raman data suggesting that 
the yttrium cations are preferentially solubilized in the zirconia lattice, since yttrium doping 
of the BaZrO3 phase is required in order to achieve proton conduction in this phase. 
Indeed, the conductivity values measured for the composite fibres (e.g. 6.5×10-3 S/cm 
at 775 ºC) are relatively close to the values measured for a pure (ZrO2)0.97(Y2O3)0.03 ce-
ramic sample (1.1×10-2 S/cm at 750 ºC) [44], with the lower values measured for the com-
posites being explained by the obviously higher volume fraction of zirconia in the single 
phase ceramics. On the other hand, the relatively modest difference between the two sets 
of values confirms the electrical percolation through the zirconia, in agreement with the 
SEM observations.    
Figure 10c shows that the resistivity of the fibres decreases with decreasing pulling 
rate. This behaviour can again be explained by the increasing content of conducting zir-
conia in the fibres with higher band density (obtained with decreasing growth rates). Simi-
lar microstructural evolution, from a coupled to colony morphology when the growth rate 
was increased, was observed in directionally solidified Al2O3-ZrO2 (3 mol.% Y2O3) eutec-
tics processed by the LFZ method [32]. The highest conductivity value for these Al2O3-
ZrO2 composites was 3.4×10
-3 S/cm at 800 ºC, obtained for an off-eutectic composition 
with 45 vol.% ZrO2 grown at low pulling rates (10 mm/h) [21]. This conductivity is consid-
erably lower than for pure (ZrO2)0.97(Y2O3)0.03, and also lower than our ZrO2-BaZrO3 eutec-
tic fibres with about 50 vol.% ZrO2 (7.9×10
-3 S/cm at 815 ºC). It is reported in reference 
[21] that the maximum conductivity is limited by the formation of primary zirconia poor in           






Figure 10: Nyquist plots for (a) different temperatures (100mm/h, dry air), (b) dry and hu-
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Novel directional solidified eutectic (DSE) fibres from the ZrO2-BaZrO3 system were 
grown by the laser floating zone (LFZ) method, using growth rates from 20 to 100 mm/h. 
XRD and Raman spectroscopy results confirmed the occurrence of the expected ZrO2 and 
BaZrO3 phases with tetragonal and cubic crystal structures, respectively.  
A detailed microstructural characterization gives a clear presence of solidification 
bands with a convex shape, due to periodic perturbations on the solidification interface. 
The band inter-distance increases with the growth rate. Band and inter-band regions pre-
sent coarse and fine eutectic-like patterns, respectively. However, the average chemical 
composition in both regions is somewhat similar, except for low pulling rates where the 
exposure time under the high energy density of the LFZ process causes significant barium 
losses. In the inter-band region the microstructure changes from a homogeneous coupled 
eutectic, at the lowest pulling rate, to columnar colony microstructure, for the faster grown 
fibres. In general, the yttrium dopant tends to solubilize in the zirconia fluorite lattice.   
The ionic conductivity (e.g. 9.7×10-3 S/cm at 824 ºC) of ZrO2-BaZrO3 eutectic fibres 
was mainly controlled by the oxide ion conductivity of ZrO2, which increases for lower 
growth rates. Moreover, no evidence of protonic conductivity was identified, since no in-
fluence by water vapour partial pressure was identified. As the latter would necessarily 
occur in the Y-doped BaZrO3, the electrical conductivity results confirm the microstructural 
observations that the yttrium cations are preferentially located in the zirconia lattice. Fur-
ther work is needed in order to exploit the full range of processing conditions and compo-
sitions (e.g. the yttrium content) allowing solubilizing yttrium also in the perovskite struc-
ture, hence introducing proton conduction functionality in the composite.  
The difference observed for the conductivity of fibres grown at different rates was at-
tributed to the band density and the ZrO2 content in the bands. Impedance spectroscopy 
did not show any evidence for the resistive contribution of grain boundaries to the electri-
cal behaviour within the zirconia phase, in agreement with the SEM observation of phase 
contiguity within the eutectic constituent. 
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II.2.5. Supplementary information to the banding phenomena in ZrO2-BaZrO3 direc-
tional solidified eutectics fibres 
 
 Banding phenomenon is common in solidification systems involving high-energy beams 
(such as lasers) that yield periodic variations in the microstructure [1-3]. The banded 
structure displays the pattern of the successive solidification interface positions [2,4]. 
Considering the nature of the mechanism responsible for the bands formation, different 
banding structures could be observed, as depicted in Figure 1 [1]. The first banded struc-
ture (Fig. 1a) consists of the same microstructure, but alternating fine and coarse zones. 
This is the case of our ZrO2-BaZrO3 DSE fibres grown at high growth rate (≥50 mm/h), 
Figure 7 in II.2.3.3. section. Banded structures developed at high rates are characterized 
by a periodic formation of two distinct microstructures due to nonequilibrium effects at the 
solidification interface. On the other hand, at low pulling rates the same microstructure is 
observed in band and interband regions (Fig. 8 in II.2.3.4.), but with different scale and 
composition. Such banding structure does not exactly matches the models proposed in 
Figure 1, since in our case we have an eutectic constituent instead of monophasic bands. 
 
 
Figure 1: Illustration of the different banding structures (a) different scales of same micro-
structure and phase; (b) fluctuations of composition in plane front growth of same phase 
(generally do not form visible bands); (c) different microstructures of same phase; (d) dif-
ferent phases with plane front growth morphology and (e) different phases and microstruc-
tures (c = cells, p = plane front), adapted from [1]. 
 
  In order to model the bands geometry, longitudinal and transversal sections of the 50 
mm/h directional solidified eutectic (DSE) fibre were observed by optical microscopy 
(OM). Samples were impregnated in araldite epoxy resin and then carefully polished in 
steps of ~0.1 mm. An optical microscope Olympus BH2-UMA equipped with U-series 
CMOS camera was used to capture the aspect of the polished surfaces at each step.  
The solidification interface and the fibre transversal cross-section profile were photo-
graphed (Fig. 2). The solidification interface profile (Fig. 2a) is clearly non-planar and cor-
αc αc αc αp αp 
αc αp αp βp βp 
a. b. c. d. e. 
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responds to a non-symmetric curve (dashed line). Notice that the bands tend to follow the 
same shape of the solidification interface, as it was previously reported in the literature for 
other DSE systems [4]. It was observed a completed spiral shape across the fibre trans-
verse section (Fig. 2b), in which the central point from where the spiral emanates is closer 
of the fibre axis. Moreover, the bands thickness is reduced at the fibres periphery and 
such is accompanied by a shorter banding interspacing. 
 The results depicted in Figure 3 correspond to the banding profile at longitudinal cross-
sections. The snapshots did not correspond to all consecutive polishing steps, but to se-
lected observations of the in-depth profiles. However, the sequence was kept in order to 
show only the most significant differences observed during the process.  In the first polish-
ing steps, the banding profile is not so well-defined, as shown in Figure 3a.  However, in 
the subsequent steps it was revealed an increase of the banding resolution (Figs. 3b,c)  
along with an increase of their thickness (Fig. 3d). After that, it was observed an odd 
banding split profile at the middle region in Figures 3d,e and also in Fig. 2a, probably due 
to the misalignment of the laser incidence. Lately, since the fibre centre is exceeded, the 
split and the banding profile became again unclear, as shown in the Figures 3g,h. 
 
  
Figure 2: Photographs of 50 mm/h ZrO2-BaZrO3 DSE fibre capture (a) at the solidification 











Figure 3: Photographic captures of longitudinal cross-sections of a 50 mm/h ZrO2-BaZrO3 









 The band shape was simulated using the AutoCAD software. The main intent was to 
reproduce the experimental observation (Figs. 2 and 3). In these attempts, some of the 
experimental growing conditions were assumed as inputs. The model consider the typical 
fibre diameter, the rod rotation and translation rates. The best approach to the experi-
mental data is depicted in the perspective in Figure 4a. Such result was obtained consid-
ering the rotation and translation of an uneven arc. The longitudinal (Fig. 4b) and trans-
versal (Fig. 4c) cross-sections are much similar to the shapes identified in the Figure 2 
and also in the Figure 5 of II.2.3.2. section. No oscillations of the arc around the fibres axis 





Figure 4: Illustration obtained by AutoCAD of the (a) the model in perspective, the band-
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The synthesis and characterization of directionally solidified yttrium-doped zirconia-
barium zirconate eutectic materials by the laser floating zone technique (LFZ) is presented 
in the search for novel mixed ionic conductors by protons and oxide ions. Emphasis is 
placed on the control of the LFZ conditions that promote the solubilization of yttrium in 
both eutectic phases, and how the dopant influences the ionic conductivity. Fast growth 
under constitutional undercooling conditions leads to the development of ZrO2-dendrites 
above the solidification interface, which are dipped into a finer-interpenetrated network of 
ZrO2 and BaZrO3. Yttrium-doping of the ZrO2 fluorite-type lattice is favoured by the high 
thermodynamic stability of BaZrO3. However, even low Y-substitution levels in BaZrO3 
leads to dominating protonic conduction in the composite under humidified atmospheres 
below 500 ºC. At higher temperatures, the proton incorporation is unfavourable, and the 
total conductivity of the composite is determined by the hole conduction in the Ba(Zr,Y)O3, 
and/or oxide ion conductivity through the (Zr,Y)O2. 
 
 










Yttria-stabilized zirconia (YSZ) is the prototypical solid oxide electrolyte for a variety of 
high temperature electrochemical technologies such as fuel cells, electrolyzers and oxy-
gen sensors due unmatched thermo-chemical stability and compatibility with existing elec-
trode materials. The major drawback of YSZ is the relatively low oxide ion conductivity 
below 800 °C [1].      
Perovskite protonic conductors with general formula AB1-xCxO3-x/2 (A=Ca, Sr or Ba; 
B=Zr, Ce; C=Y, Yb) have bulk conductivities higher than 10-2 S/cm at 500 °C and have 
thus been considered alternatives for low temperature applications [2,3]. While the proton-
ic conductivity is indeed high, the poor stability of some of these compounds in contact 
with wet atmospheres or under carbon dioxide (in this case readily forming alkaline earth 
carbonates [4]) is a major drawback. Yttrium-doped barium zirconate, Ba(Zr,Y)O3, is re-
markably more stable than the e.g. the cerates [4], and the bulk protonic conductivity is 
amongst the highest reported for ceramic protonic conductors [5-7].  
The combination of such proton conducting ceramics with an oxide ion conductor into a 
composite with mixed protonic-oxide ionic conductivity is a potentially interesting approach 
to develop new multifunctional electrolytes able to operate in a broad range of conditions 
[8-11]. The concept has been tested with ceria-based oxide conductors and barium cerate 
protonic conductors [8,10] but, as mentioned above, the thermo-chemical stability of these 
composites is predictability insufficient.  
A zirconia-barium zirconate composite would be a more attractive solution, if it can be 
made. In fact, the refractoriness and the inherent difficult ceramic processing ability of 
Ba(Zr,Y)O3 (sintering temperatures higher than 1700 °C are often reported) combined with 
a high grain boundary resistivity [11] results in an overall low conductivity than can be 
several orders of magnitude lower than the bulk property [6,7]. Zirconia powders, although 
available in high quality grades, also require relatively high sintering temperatures.     
We have shown that directional solidified eutectic (DSE) fibres of (ZrO2)0.97(Y2O3)0.03-
BaZrO3 composites with approximately 50 vol.% of each phase (corresponding to the eu-
tectic 29 mol.% BaZrO3-71 mol.% ZrO2 [12]) can be obtained by the laser floating zone 
(LFZ) method [13]. LFZ takes advantage of the existing eutectic to synthesize this compo-
site by solidification from the melt. These materials feature very large, oriented grains and 
have an extraordinary low grain boundary density that should minimize the high grain 
boundary resistance of Ba(Zr,Y)O3. However, the yttrium cations are preferentially located 
in the ZrO2 lattice, whereas the BaZrO3 remains non-doped, thus precluding protonic 
transport in the composite. Here, we further explore the potential of LFZ to obtain ZrO2-
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The fibre-shaped samples were grown by melting precursor bars using a 200 W CO2 
laser, as previously described [13]. These precursor bars were prepared by cold extrusion 
of mixtures of BaCO3 (Flucka 99%), (ZrO2)0.97(Y2O3)0.03 (Tosho Co.) and Y2O3 (Sigma-
Aldrich, 99.99%), bound with polyvinyl alcohol (PVA, Sigma-Aldrich 99%), with a composi-
tion corresponding to 20.5 mol.% BaO, 61.4 mol.% ZrO2 and 18.2 mol.% YO1.5. The bari-
um excess in this formulation (molar ZrO2:BaO3) with respect to the nominal eutectic 
composition (ZrO2:BaO3.3, or ZrO2:BaZrO3=71:29 [12]) is to compensate for the losses 
by volatilization during the laser melting. Fibres were grown in air with a pulling rate of 300 
mm/h, and the seed and feed bars rotating in opposite direction at 5 revolutions per mi-
nute.  
The structure of the fibres was analyzed by powder X-ray diffraction (XRD) on a X’Pert 
MPD Philips diffractometer using Cu-Kα radiation with step width 0.01° and scan rate 
0.9°/min. Raman spectra were collected on a T64000 Jobin Yvon spectrometer with a 532 
nm laser beam focused on the sample surface through a microscope objective (50x) with 
a spot of diameter <0.8 mm. The microstructure was studied by scanning electron micros-
copy (SEM) on a Hitachi S4100 microscope equipped with an energy dispersive spectros-
copy (EDS) detector. The fractional area occupied by each phase on SEM images was 
assessed using Image J 1.45s software, and is assumed to be strongly correlated to the 
corresponding volume fraction in the composite. 
The electrical conductivity was measured by impedance spectroscopy using a Hewlett 
Packard 4984a LCR meter. The spectra were collected from 20 Hz to 1 MHz with test 
signal amplitudes of 0.1 V or 1.0 V. Pieces with ~0.5 cm in length were cut from the cen-
tral part of the fibres for these measurements. Electrodes were applied on both tips of the 
fibres by brushing a platinum paste and subsequent thermal treatment at 1000 ºC for 1 h. 
The measurements were carried out under a flow of air or a 95%N2+5%H2 mixture (50 
mL/min), either dried through a column with a desiccant, or humidified in distilled water at 
room temperature (    ≈3.5 kPa). The oxygen partial pressure (   ) was monitored inside 
the chamber by an YSZ oxygen sensor, whereas the      in the gas outlet was measured 
by a resistive humidity sensor. The samples were equilibrated overnight at each atmos-
phere at around 1000 °C, and the electrical measurements were carried out upon cooling, 
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giving 30 min at each temperature to ensure stabilization. The impedance spectra were 
analyzed using ZView (Scribner) to obtain the fibre resistance ( ) to be used to calculate 
the conductivity through          , where   and   are, respectively, the length and the 
cross section area of the piece of fibre used for the measurement. 
 
II.3.3. Results and discussion 
The yttrium-doped ZrO2-BaZrO3 LFZ fibres grown at 300 mm/h have a similar appear-
ance to those obtained with smaller pulling rates (until 100 mm/h [13]). They have diame-
ters of approximately 1.2 mm and an opaque light grey appearance (Fig. 1A). However, 
the pulling rate during the laser melting has a major impact on the microstructure, and 
consequently the properties of the ZrO2-BaZrO3 fibres [13]. Briefly, coarse eutectic regions 
(called “solidifications bands”) arise from periodic perturbations on the solidification inter-
face, intercalated by a much finer eutectic microstructure. The band inter-distance in-
creases with increasing pulling rate (from 20 mm/h to 100 mm/h), closely matching the 
solidified length per one turn of the rod. Also, columnar growth (colonies) tends to occur in 
the inter-band regions for the highest pulling rates, disrupting the coupled eutectic growth 
characteristic from the low velocities, in agreement with the constitutional undercooling 
criterion [14]. Another important consequence slow pulling rates is that the yttrium prefer-
entially occupies the ZrO2 lattice due to the comparatively higher thermodynamic stability 
of BaZrO3. Therefore, since the conductivity of the undoped BaZrO3 is very low, the 
transport properties of the composites are entirely dominated by the oxide ion conductivity 
along the yttrium-doped zirconia phase [13]. 
In the present work, the pulling rate was increased to 300 mm/h in order to almost total-
ly eliminate the ZrO2 bands and to force the solid-liquid interface instability conditions, 
resulting in dendritic growth within the inter-band regions. This is indeed achieved, as 
shown by the SEM micrograph in Figure 1B, taken at a section of the growth direction 
(longitudinal) of the fibre depicted. Dendrites of ZrO2 (dark grey phase in Fig. 1B) with 
lengths varying from 20 to 300 μm tend to have their main arm inclined with respect to the 
fibre axis. This single-phase instability is the result of a heavy constitutional undercooling 
in the boundary layer built up ahead of the solid/liquid interface, where the liquidus tem-
perature of off-eutectic compositions is higher than the eutectic. Consequently, the prima-
ry zirconia phase is undercooled and tends to grow faster than the eutectic. The finer in-
terdendritic eutectic microstructure develops with a coupled morphology of both phases 
(light grey is BaZrO3) within a scale of 1 µm or smaller (inset). Based on the areas occu-
pied by each phase on the image, the composition in these regions roughly corresponds 
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to 50 vol.% ZrO2 - 50 vol.% BaZrO3, in agreement with the nominal eutectic composition 
71 mol.% ZrO2 - 29 mol.% BaZrO3 [12]. As expected for DSE materials, intra-phase 
boundaries are not observed in any region of the fibre, suggesting phase contiguity of 
both phases, and also that the grain boundary density in these materials is indeed very 
small.  
Panel C in Figure 1 shows the EDS elemental mapping for the yttrium distribution in the 
interdendritic regions of the fibre grown at 300 mm/h. Only regions larger than the spatial 
resolution of EDS (1 µm) were selected for analysis, in order to avoid the cross signal 
contributions from one phase to the other. This was verified by identifying the presence of 
Ba only in the light grey BaZrO3 phase.  The yttrium map shows that the higher pulling 
rate used in this work can effectively promote the solubilization of yttrium also in the Ba-
ZrO3. However, the intensity is clearly higher in the ZrO2 than in the BaZrO3, which con-
firms our previous finding that yttrium prefers the fluorite lattice [13]. This is also in agree-
ment with the equilibrium diagram of the ZrO2-BaO-YO1.5 ternary system, where the strong 
thermodynamic stability of BaZrO3 in this ternary system prevails for low YO1.5 contents 
[15].  
The powder XRD pattern shown in Figure 1D confirms the mixture of BaZrO3 and ZrO2 
as the only crystalline phases present in the fibres. The ZrO2 diffraction maxima can be 
indexed to the cubic or tetragonal crystal structures. However, in light of known phase 
diagrams and considering the high yttria content, the fluorite-type cubic structure is re-
tained for indexation. 
This analysis of the XRD patterns is fully confirmed by the Raman data presented in 
Figure 1E, where only the peaks corresponding to Ba(Zr,Y)O3 and (Zr,Y)O2 phases are 
identified. The bands at 151, 275, 561, 597 and 678 cm-1 are due to cubic (Zr,Y)O2 [16]. 
The (Zr,Y)O2 dominant band at ~597 cm
-1 can be assigned to a triply degenerated F2g 
mode, which corresponds to the out-of-phase stretching of Zr/O bounds. The position of 
this band represents a significant shift with respect to undoped ZrO2 (where it appears at 
617 cm-1), which correlates to doping levels in excess of 30 mol.% YO1.5 [16]. The weak 
broad band at 194 cm-1 denotes a residual amount of monoclinic ZrO2 [17]. The remaining 
bands at 225, 383, 470 and 746 cm-1 can be ascribed to doped-barium zirconate, since 
only the non-cubic symmetry has Raman-active modes [18]. These modes result from 
local structural distortions promoted by the presence of oxygen vacancies [18]. While the 
Y-doping in barium zirconate seems to be confirmed, the broadening (by 50-80 cm-1) and 
shift (from 740 to 725 cm-1) of the band appearing at the highest Raman shift (740-750 
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cm-1), which has been correlated to an increase of yttrium content in Ba(Zr1-x,Yx)O3-δ from 










Figure 1: Structural and microstructural characterization of the yttrium-containing zirconia-
barium zirconate fibre grown at 300 mm/h: (A) typical appearance of the fibres; (B) SEM 
micrograph of the longitudinal section showing the eutectic microstructure of zirconia 
(dark) and barium zirconate (light grey), with the inset showing a zoomed, contrast-
enhanced view with a scale bar of 3 µm and the arrow indicating the growth direction; (C) 
EDS map showing the yttrium distribution; (D) powder XRD pattern indexed according to 
BaZrO3 (BZ, JCPDS card file nº 01-074-1299) and cubic zirconia (Z, JCPDS card file nº 
04-015-0405); and (E) Raman spectrum.  
 
In summary, both the XRD and Raman data agree with the SEM/EDS analysis to show 
that the yttrium incorporation in BaZrO3 in the presence of ZrO2 is not easy to achieve due 
to the highly thermodynamic stability of BaZrO3, in agreement with the known ternary 
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phase diagram [15]. Nevertheless, even such small amount of yttrium in BaZrO3 has a 
major impact on the ionic conductivity of the fibres, as it will be further demonstrated.        
Figure 2 shows typical impedance spectra obtained at 370 °C for the (Zr,Y)O2-
Ba(Zr,Y)O3 eutectic fibres exposed to dry and wet atmospheres, all dominated by one 
single, nearly perfect semicircle. This semicircle is observed up to temperatures as high 
as 800 °C with a capacitance of about 10 pF, which is due to the stray capacitance of the 
platinum wires of the experimental set-up, in series with the sample. Note that due to the 
particular geometric factor of the fibres (SL-10.02), the expected capacitance generated 
by the bulk ionic relaxation (Cb=r0SL
-1, where r is the bulk relative permittivity - taken as 
30 - and 0 is the permittivity of the vacuum) should be of the order of 0.05 pF, which is 
much smaller than the measured value. Therefore, no direct correlation can be estab-
lished between the spectra and the fibre microstructural characteristics, namely the ab-
sence of intra-phase grain boundaries. However, admitting the brick layer model of ionic 
transport in a polycrystalline ceramic [20], it is possible to estimate a grain boundary ca-
pacitance (Cgb=CbGδ
-1) of the order of 265 pF for an average grain size (G) of 10 µm and 
a grain boundary thickness (δ) of 2 nm [20]. This value is much larger than the stray ca-
pacitance (<10 pF), which combined with the expectedly high grain boundary resistance 
(particularly for BaZrO3), should originate a second semicircle at low frequencies. The 
absence of such additional semicircle indirectly supports the low density of grain bounda-
ries of these DSE composites suggested by SEM. 
 
Figure 2: Nyquist plots of a (Zr,Y)O2-Ba(Zr,Y)O3 fibre measured at 367 °C in humidified 
and dry air atmospheres. 
 
Figure 2 also depicts a significant decrease of the total resistance under humidified air, 
which can be explained by the proton incorporation and transport in Ba(Zr,Y)O3. In parallel 
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with the proton diffusion in the zirconate, oxide ion transport through (Zr,Y)O2 is also ex-
pected to occur. However, the expectedly high yttrium content in the zirconia may lead to 
a oxide ion conductivity lower than usually observed for the reference solid electrolyte 
composition with 8 mol.% Y2O3 (see dotted lines in Fig. 3). Since the proton incorporation 
in Ba(Zr,Y)O3 becomes thermodynamically unfavourable with increasing temperature, a 
decrease of the protonic conductivity is expected above a certain temperature (noticeably 
above 500 °C) [6]. Moreover, in oxidizing conditions (   >10 Pa) and in the absence of a 
proton source (humidity or hydrogen), the p-type electronic conductivity of Ba(Zr,Y)O3 
predominates, whereas under reducing conditions the hole concentration is decreased 
and the material is a protonic solid electrolyte [5,6]. 
The total conductivity of the fibre is shown in Figure 3 as a function of the temperature 
under dry and humidified oxidizing and reducing conditions. The global trend seems to 
reflect the predominance in the composite of the transport properties of the Ba(Zr,Y)O3. At 
temperatures below 500 °C, the conductivity in the humid atmospheres (    3.5 kPa) is 
higher than in the corresponding dry environments, indicating dominant proton transport, 
which is reinforced by the low apparent activation energy in the 320-500 °C temperature 
range (35 kJ/mol in N2+H2 and 48 kJ/mol in air), typical of proton migration [6]. Above 500 
°C, the progressive increase of the activation energy (reaching values close to 90 kJ/mol) 
indicates an increasing role of another charge carrier, either the electron holes along the 
barium zirconate or oxide ions in the zirconia, or even mixed transport. At intermediate 
temperatures, the higher conductivity in air with respect to 90%N2+10%H2 (in dry atmos-
pheres and to a smaller degree also in humid conditions) suggests that electron holes in 
the zirconate are the dominating charge carriers, whereas, at high temperature, the con-
vergence of the 4 sets of data with literature data for the bulk conductivity of a heavily yt-
trium-doped zirconia (30 mol.% YO1.5) (dotted lines) indicates an increasing role of the 
oxide ion conductivity through the zirconia phase. We recall that the high yttria content in 
the ZrO2 phase suggested by the electrical measurements is in good agreement with the 
EDS and the Raman spectra. Likewise, the comparison of the fibre low temperature con-
ductivity measured in humid conditions with the published bulk conductivity of Ba(Zr1-
x,Yx)O3-δ x=0.02 [6], x=0.05, 0.10 and 0.15 [7] (red solid lines in Fig. 3) agrees well with the 
low yttrium content in the zirconate suggested by EDS.    
A more fine analysis of the data in Figure 3 is possible by invoking a simple equivalent 
circuit model. In such composites, the oxide ion and proton transport pathways are paral-
lel along the zirconia and the barium zirconate phases, respectively. Under wet atmos-
phere and low     (such as the 90%H2+10%N2 mixture), the simplest description of the 
109 
  
electrical behaviour of these composites can be based on an equivalent circuit comprising 
two resistors in parallel, one (RO
Z) accounting for oxide ions in the zirconia, and another 
branch (RH
BZ) accounting for the proton transport in the zirconate, which predominates in 





Z)-1, which can be easily demonstrated to be dominated by 
smallest resistance. If we now look at the properties of the phases involved, the oxide 
ionic conductivity of zirconia is not affected by the atmosphere (within the range covered) 
and, when heavily doped with yttrium, has a (high) activation energy of 120 kJ/mol (for 
30 mol.% Y2O3 [22]). The activation energy for the bulk protonic conductivity of the barium 
zirconate (45 kJ/mol [6,7]) is about one third of the activation energy for the oxide ion 
conductivity in zirconia. This means that the resistance associated to the latter phase de-
creases at a rate that is almost 3 fold that for the decrease of the resistance of barium 
zirconate, with increasing temperature. On the other hand, the hydration of the barium 
zirconate becomes thermodynamically unfavourable with increasing temperature, particu-
larly above 500 °C [6]. These two factors combine to significantly increase the resistance 
of the zirconate relatively to the zirconia, and somewhere close to 650 °C the conductanc-
es associated to the two processes are equalized (or RO
ZRH
BZ). Above this temperature, 
it should be the higher conductance of zirconia dominating the conductivity of the compo-
site (or in terms of resistance Req
ZRO
Z). This explains the trends evolving from the com-
parison of the conductivity data obtained in wet and dry N2+H2 gas mixtures shown in Fig-
ure 3, including the high activation energy at high temperatures (expected for heavily Y-
substituted zirconia).     
Under oxidizing conditions (e.g. air), the barium zirconate has significant p-type elec-
tronic conductivity, and the equivalent circuit must be modified to include a third parallel 
resistor accounting for the electronic transport (Rp
BZ). If, in addition, the humidity is low 
(e.g. in dry air), the hydration level and thus the protonic conductivity of the zirconate will 
be very small. In these conditions and over the entire temperature range (or at least until 
900 °C), the p-type electronic resistance should be the smallest, and hence ReqRp
BZ. The 
result is an Arrhenius dominated by the p-type electronic conductivity of the zirconate, in 
agreement with the observed single slope (activation energy 92 kJ/mol) depicted by the 
dry air data in Figure 3, and also with the p-type electronic conductivity data reported in 
the literature for lightly yttrium-doped barium zirconate [23]. In wet air, the protonic 
transport comes in, decreasing the activation energy and increasing the conductivity at 
low temperature. Increasing the temperature decreases the protonic conductivity, and at 
approximately 450 °C the conductivity measured in wet air equalizes the values measured 
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in dry air. Since, in addition, the electronic conductivity of the zirconate increases for low 
humidity [21], than we can also understand the highest conductivity observed in dry air at 
the intermediate temperature range (500-900 °C) as due to electron hole transport in the 
barium zirconate.   
 
Figure 3: Arrhenius plot of the total conductivity (black symbols) of a (Zr,Y)O2-Ba(Zr,Y)O3 
fibre measured in wet and dry atmospheres of atmospheric air and 90%N2+10%H2. The 
black line is the linear fit to the data obtained in dry air (activation energy 92 kJ/mol). Lit-
erature data for the (red solid lines) bulk protonic conductivity of BaZr1-xYxO3-δ (x=0.02 [6], 
x=0.05, 0.10 and 0.15 [7], all at     23 kPa), the (green thicker line) p-type electronic 
conductivity of BaZr0.98Y0.02O3-δ at     0.04 kPa [23], and (blue dotted lines) for the 
(ZrO2)1-y(YO1.5)y [22] are given for comparison. 
 
II.3.4. Conclusions 
The initial difficulties in promoting the yttrium-substitution on the barium zirconate 
phase of directionally solidified ZrO2-BaZrO3 composites produced by LFZ [13] can be 
overcome by increasing both the yttrium content in the initial zirconia precursor, and es-
pecially by using fast pulling rates of 300 mm/h or higher. The microstructure along the 
growth direction of these fibres showed well-aligned ZrO2 dendrites enclosed in a finer-
interpenetrated eutectic matrix, with 50 vol.% ZrO2 - 50 vol.% BaZrO3. The yttrium dopant 
is predominantly in the fluorite-ZrO2 lattice due to the high thermodynamic stability of Ba-

























ionic transport properties of the fibres were confirmed by impedance spectroscopy, with 
proton conduction along Ba(Zr,Y)O3 prevailing under humidified atmospheres at tempera-
tures lower than 500 ºC. At higher temperatures, the oxide vacancies or electron holes are 
the predominant charge carriers.  
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Zirconia-mullite directionally solidified eutectic 
  
 
This chapter starts with an overview of mullite and zirconia-
mullite composite materials, with special emphasis to the pro-
cessing methods and the mechanical and electrical properties, 
envisaging advanced applications (III.1.). 
 
The investigation done in the zirconia-mullite DSE materials 
was described in three SCI papers, one extended abstract 
and one conference proceedings work. The chapter is divided 
in three main sections corresponding to the contents of the 
more extensive publications in scientific journals.  
 
The earliest results in the zirconia-mullite DSE fibres were 
introduced in an extended abstract published at the Microsco-
py and Microanalysis journal with the title: “Microstructure of 
mullite-zirconia fibres grown by directional solidification”. A 
detailed paper on this subject was then published with a full 
description of the processing of the zirconia-mullite composite 
fibres according to eutectic and off-eutectic compositions and 
the influence of the growth parameters on the final microstruc-
ture and phase development (III.2.). 
 
The electrical properties of the zirconia-mullite DSE fibres 
were briefly reported in the proceedings paper of IS-
AF/ECAPD/PFM conference 2012 untitled: “Ionic conductivity 
of eutectic mullite-zirconia fibres”. Thereafter, in the full-length 
paper the ionic conductivity of zirconia-mullite DSE fibres was 
explored, as a potential dual-phase solid oxide electrolyte for 
high temperature applications (III.3.). 
 
The final section of this chapter is focused on the mechanical 
behaviour of the zirconia-mullite DSE fibres and corresponds 
to a submitted paper to a SCI journal. The microstructural de-
sign allowed by directional solidification and the intrinsic na-





























































III.1.  Overview of mullite and mullite-matrix composites  
III.1.1. Processing and thermomechanical behaviour 
 Mullite (MAl2O3-NSiO2, with M/N varying from 3/2 to 2 approximately) is one of the most 
interesting engineering ceramics. The reason for such interest is mainly linked to the 
combination of high temperature fracture strength, high creep resistance, low thermal ex-
pansion coefficient, low thermal conductivity and phase stability, up to the melting point 
[1]. Chemical composition has an important effect on the high strength and fracture 
toughness (     and their retention for high temperatures, having a great potential for 
high-temperature structural applications (as the example in Fig. 1) [2]. 
 
Figure 1: Ceramic honeycomb filter used in the foundry industry for the casting of molten 
metal. This honeycomb ceramic component can filter impurities, reduce casting porosity, 
and improve casting quality [2,3].  
 
 Guse et al. obtained the earliest large single-crystals of mullite using the Czochralski 
technique [4]. Well-oriented crystals were grown at 1.5 mm/h in nitrogen environment, 
along [100] or [001] growth directions [4]. In 1990, Shindo used the slow cooling float zone 
(SCFZ) method with a quartz halogen lamp furnace to prepare single-crystal mullite (from 
5 to 70 mm in size) from alumina and silica powders [3]. The compositional analysis per-
formed along the transversal cross-section revealed that melt-grown methods conduct to 
2Al2O3-SiO2 (2:1) mullite stoichiometry [5]. Sayir et al., starting from precursors with 
3Al2O3-2SiO2 (3:2) nominal composition also grown 2:1 mullite polycrystalline fibres by the 
LFZ method. It was reported the “bamboo-like” surface is due to the highly incorporation 
of gas bubbles. However, fibres exhibited tensile strength values of 550-1450 MPa at 
room temperature [6]. Even though a glassy phase was present between neighbouring 
grains, the tensile strength kept values between 560 to 630 MPa up to 1400 ºC [6]. Re-
cently, 2:1 single-crystal mullite fibres, having small microstructural defects were down-
ward pulled at 10 mm/h, by the LFZ method [7].  Polycrystalline fibres grown by the same 
method from 40 to 100 mm/h showed faceted mullite grains, which were well-aligned with 
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the growth direction. Amorphous silicate enrichment was found at the grain-boundaries, 
which is typical of melt-techniques [6,7]. Lamellar inclusions at the single-crystal fibres (10 
mm/h) lead to the reduction of room temperature fracture toughness (1.2 MPa.m1/2) and 
flexural strength (431 MPa) compared to polycrystalline fibres (631 MPa and 1.6 
MPa.m1/2) [7]. The fracture toughness enhancement obtained for polycrystalline fibres was 
ascribed to well-oriented grain boundaries which are really effective precluding crack 
propagation, contrarily to the free crack development observed in the single-crystal ones 
[7].  
 The reinforcement of mullite using different energy-dissipating agents (i.e. metals, fi-
bres, whiskers, platelets or particles) has been under investigation for long time. These 
reinforcement agents promote the deflection of the crack path or even preclude its own 
progress. In this sense, it has been evaluated the reinforcement of mullite-matrix compo-
sites with aligned non-oxide fibres or whiskers as carbon-fibres and SiC-fibres or whisk-
ers. These systems revealed a significant improvement of the fracture toughness and 
bending strength (σ) with respect to the values obtained for pure-mullite [3]: 
i. Carbon-fibres reinforced mullite composites reveal a bending strength at room 
temperature of 610 MPa instead of the 380 MPa for monolithic mullite. The 
strength increases up to 882 MPa at 1200 ºC. Moreover, the fracture toughness 
increases up to 18 MPa.m1/2 contrary to 2.6 MPa.m1/2 for mullite and almost did 
not change with temperature [2]. 
ii. SiC-fibres reinforced mullite composites showed a remarkable increase of bend-
ing strength and fracture toughness at room temperature to 840 MPa and 33.8 
MPa.m1/2 over the 260 MPa and 2 MPa.m1/2 for monolithic mullite, respectively 
[2]. 
iii. SiC-whiskers (SiCw) reinforced mullite showed a high level of bending strength 
(>500 MPa) up to 1300 ºC, but the values drop drastically above 1300 ºC. Such 
might be promoted by the deterioration of the mullite matrix and by the chemical 
reactions between the whiskers and the matrix. It was observed that the increase 
of the bending strength and fracture toughness is controlled by the SiCw amount, 
The addition of 40 vol.% SiCw lead to an increase of bending strength from 320 to 
940 MPa and fracture toughness  from 2.7 to 6.9 MPa.m1/2 [2,3]. 
 
Despite these examples, the enhancement of the mechanical behaviour is obtained only if 
appropriate chemical bonding between fibres and the matrix is reached. Oxidation is the 
biggest issue at the interface between the mullite matrix and the fibres or whiskers leading 
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to a sudden degradation of the mechanical properties. Furthermore, the mechanical be-
haviour improvement is restricted to the perpendicular direction to the fibres loading. Ta-
ble 1 resumes the five major ceramic reinforcing mechanisms and reinforcement phase 
morphologies along with some material examples [8]. 
 
Table 1: Ceramic toughening mechanisms [8]. 
Mechanism/morphology 
Highest  
 fracture toughness  
(MPa.m1/2) 
Example materials 
Transformation ≈20 ZrO2 (MgO) 
Microcracking ≈10 Al2O3/ZrO2, SiC/TiB2, Si3N4/SiC 
Metal dispersion ≈25 Al2O3/Al, Al2O3/Ni 
Whiskers/platelets ≈15 Si3N4/SiC, Si3N4/Si3N4, Al2O3/SiC 
Fibres ≥30 
Al2O3/SiC, SiC/C, Al2O3/Al2O3, 
SiC/SiC 
 
 Transformation toughening is achieved by the incorporation of a second phase which is 
responsible for phase transition. Garvie et al. introduced the potential of zirconia for in-
creasing both the strength and fracture toughness of ceramic materials, taking advantage 
of the phase transformation of the metastable tetragonal particles to monoclininc induced 
by the stress field ahead of the crack [9]. Furthermore, the addition of lower valence ox-
ides, such as CaO, MgO and Y2O3 etc, can result in stabilization of tetragonal zirconia, 
which helps on such transformation toughening process. The further addition of the oxide-
stabilizer results in the stabilization of cubic phase, which does not have the transfor-
mation toughening behaviour. So, the zirconia toughening requires the presence of the 
metastable tetragonal zirconia phase. The stability of the tetragonal structure can be ruled 
by three factors: the grain size, the constraint from a surrounding matrix, and the amount 
of dopant additions [10-12]. These factors also highly depend on the processing of such 
composites requiring a careful selection of compositions and advanced processing tech-
nology to achieve the desired microstructures [13]. The critical zirconia grain size for te-
tragonal phase retention was linked to yttria concentration according to Figure 2. For ex-
ample, a composition containing 1.5 mol.% Y2O3 precludes the tetragonal retention, grain 
growth during sintering leading to an average grain size higher than 0.2 μm. The pure 
ZrO2 is completely monoclinic for all grain size. The increase in the critical grain-size with 
increasing Y2O3 content is consistent with the theoretical prediction that the critical grain-
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size would increase as the magnitude of the change in chemical free-energy decreases 
[14]. 
 
Figure 2: Retention of tetragonal phase as function of the critical grain size and yttria con-
tent in zirconia [14]. 
 
 Zirconia-mullite composites can thus benefit from the interesting thermomechanical 
behaviour of mullite and transformation toughening effect of zirconia. The zirconia-mullite 
mechanical behaviour is influenced by the composite microstructure, which was found to 
change considerably with the starting material composition and the processing method [2]. 
The ZrO2 grains are preferentially dispersed intergranularly and/or intragranularly in the 
mullite matrix. Consequently, the toughness requirements will depend upon an extremely 
high density, the finest possible microstructure, highest possible purity, high bonding 
strength, and minimum internal stresses due to differences in thermal expansion. Becher 
have shown that the material design relies heavily on the control of the material properties 
and microstructural components influencing the toughening behaviour in order to optimize 
the contributions of both the reinforcing and the matrix phase [13].  
 Several toughening mechanisms by zirconia addition to mullite were proposed: stress-
induced, microcracking, grain boundary strengthening, surface compression toughening, 







Stress-induced toughening, due to the 
tetragonal to monoclinic phase transfor-
mation of zirconia 
Microcrack toughening, due to the thermal 




Grain-boundary strengthening, due to 
metastable zirconia incorporation into the 
mullite matrix. 
Surface-compression toughening, due to 
the presence of monoclinic zirconia at the 




Crack bowing at zirconia grains. Crack deflection at zirconia grains, 
strengthened by thermal compression. 




It is generally recognized that the toughening improvement is mainly enhanced via two 
mechanisms: stress-induced and microcracking [2,16]. 
 Stress-induced zirconia toughening corresponds to phase transformation mechanism 
through which decreases the driving force that is responsible by the propagated crack. If 
the composite contains metastable tetragonal zirconia particles dispersed in the matrix, 
the large stresses at the tip crack can force the transformation to their thermodynamically 
stable monoclinic form. This is accompanied by volume expansion (4-6%) and shear 
strain (~14%), providing a compressive stress field which will block the further crack prop-
agation [15,17].  In resume, the fracture toughness of brittle composite material (   
 ) is 
given by [16,18,19]: 
   
     
      
                               (3.1) 
where     
  is the matrix toughness and     
  is the contribution associated with the trans-
formation of tetragonal zirconia particles. If a suitable distribution of t-ZrO2 metastable 
particles is obtained, the tetragonal to monoclinic transformation is stress-activated in the 
stress field. The volume change creates a compressive strain field around the crack tip 
opposing to the crack propagation, while the strain energies ascribed to the net shear 
component of the transformation strain in the transformation zone contributes to an effec-
tive increase in the energy of fracture [18]. The latter can be described as [19]: 
    
        (   
                    (3.2) 
where   is a constant which depends on the type of stress responsible for trigger the zir-
conia particles transformation (0.45 to 0.5 for shear stress and 0.2 to 0.25 for principal 
stresses),   is the volume fraction of the transformable zirconia,    is the Young’s modu-
lus of the composite,    is the dilatant transformation strain and    is the radius of the 
transformation zone along the crack path. The later parameter is a function of the maxi-
mum stress intensity that the crack tip can support, which will be dependent on the    
 , 
and the stress needed to transform a tetragonal particle (  
 ) [19]: 
    (   
   
 ⁄                         (3.3) 
where   is a stress-related constant. Notice that the toughening in ZrO2-based compo-
sites is ruled by the temperature when transformation toughening occurs.  
 Microcraking toughening occurs by the residual stress associated with the volume vari-
ations promoted by the zirconia transformation. So, microcracking occurs by the sponta-
neous transformation during cooling in the post-synthesis. The fracture toughness can be 
increased by the growth of the microcracks and their interaction with the tip of the main 
crack. This toughening mechanism requires the minimization of the microcrack size, in 
order to avoid their linkage. Otherwise, microcracks will deteriorate the matrix and lower 
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the composite fracture toughness. So, the better toughening performance would be re-
served for well-dispersed microcracks. Notice that zirconia particles, even in low amounts, 
revealed better improvement of fracture toughness over the SiCw reinforced mullite (Fig. 
4) [2]. 
 
Figure 4: Relationship between fracture toughness of ZrO2-particles-mullite (ZrO2,p)  and 
content of dispersed particles, adapted from [2]. 
 
The optimum conditions are attained when the particles are large enough to transform but 
small in size to cause limited microcrack development. The composite toughness (Eq. 3.1) 
will be now described by the substitution of the (    
   for crack-tip stress-induced mi-
crocracking (    
  
) [16]. Here, increasing the crack-tip fracture resistance will increase the 
size of the stress-induced microcrack zone. The zone radius,    , depends on the matrix 
toughness [16]: 
    [(   
     




                     (3.4) 
where    
   is the local stress intensity modified by the microcrack presence and   
  
 is the 
stress required to initiate the microcracking [16]. Notice that the increasing of the matrix 
toughness will effectively decrease the probability of microcrack linkage and decrease the 
density and/or size of the microcracks [16].  
 According with equation 3.1, the fracture toughness of ZrO2-toughened composites can 
be enhanced by further increasing    
 . Therefore, it should be mentioned, that nowadays 
most of the attempts have been focused in the increase of matrix fracture toughness, 





























been suggested that the introduction of multiple toughening mechanisms by the use of 
numerous toughening agents should lead to a combination of toughness increments that 
might be equal or greater than the sum of the individual toughness increments achieved 
for single toughening agent [16]. 
 Figure 5 shows that zirconia-particle toughened mullite is much effective in the im-
provement of the fracture toughness than the bending strength, while SiCw-mullite follows 













Figure 5: Bending strength (σc) and 
fracture toughness (KIC) of mullite-
based composites, adapted from [2]. 
 
  
In 1980, Claussen and Janke have determined a room temperature strength of 400 MPa 
and fracture toughness of about 4.5 MPa.m1/2 (data 1, Fig. 6) for mullite composite pre-
pared according with the reaction [20]: 
                                                       (3.5) 
Such result have supported many subsequent studies devoted to ZrO2-toughened mullite 
and several processing routes appear [21,22]. According with this work, the toughening 
mechanism of zirconia-mullite composite is due to stress-induced transformation. An in-
crease of tetragonal ZrO2 usually conducts to an improvement of     (data 5,6 and 7, Fig. 
6). However, Kubota e Takagi have observed a different trend (data 2, Figure 6) and Yuan 
et al. reported that it almost did not change up to ~35% (data 3, Fig.6). 
 Ruh et al. had studied the influence Y2O3-stabelized ZrO2 in a composite with 35.4% 
ZrO2-mullite. The fracture toughness with Y2O3 (ranging from 0 to 15%) was 4 MPa.m
1/2 


























Figure 6: Relationship between mechanical properties of ZrO2-mullite composites and 
tetragonal zirconia amount. 1 Claussen and Jahn (1980), 2 Kubota and Takagi (1986), 3 
Yuan et al. (1986), 4 Leriche (1990), 5 Rundgren et al. (1990), 6 Shiga and Ismail (1990) 
and 7 Nishiyama et al. (1991), adapted from [2]. 
 
In this kind of brittle materials, the incorporation of a second phase leads to great variabil-
ity of defects, scattering the bending strength results and thus decreasing the Weibull 
modulus, whose distribution function is given by [24]: 
        * (    ⁄ )
 
+              (3.6) 
where    is the cumulative probalility of fracture,    and    are Weibull parameters: the 
scale parameter and Weibull modulus, respectively. The Weibull modulus has values be-
tween 5 and 20 for typical ceramics. However, the development of the processing condi-
tions can improve the fracture toughness and minimize the strength distribution (increas-
ing the Weibull modulus) [13]. 
 Ismail et al. did not observed a significant improvement of the bending strength in 15 
vol.% ZrO2-mullite composites compared to mullite at very high temperatures. However, a 
high level strength (>350 MPa) is retained up to 1350 ºC (Fig. 7) [2]. Otherwise, Rundgren 
et al. reported two data series of near stoichiometric mullite (72.1 wt.% Al2O3 and 72.9 
wt.% Al2O3) and zirconia-mullite composites, using 20 vol.% ZrO2 or 20 vol.% stabilized-
ZrO2 (with 3 mol.% Y2O3). Samples were prepared by sol-gel method and then sintered 
































Figure 7: Bending strength of mullite and 15 vol.% ZrO2-mullite as function of tempera-
ture, adapted from [2]. 
 
Table 2 summarizes the processing conditions tested for each composition and their own 
average bending strength and fracture toughness. The highest bending strength  (632 
MPa) at RT was obtained for a composite with Y2O3 stabilized-zirconia sintered at the 
lowest temperature (1550 ºC) [25]. Considering the compositional differences, the high 
temperature data is divided in three main points:  
(1) the bending strength of mullite was retained up to 1300 ºC, which was attributed to 
the presence of viscous glassy at the triple points of the mullite grains junctions;  
(2) the strength of composites with zirconia addition decreases with the temperature, 
owing to the weakening of the grain-boundary behaviour; 
(3) the strength of the composite with Y2O3-stabilized zirconia was kept up to 1200 ºC, 
above this temperature the glassy phase at the grain-boundaries promoted an abrupt 
drops until 1300 ºC [25]; 
 
 Industrially (Elfusa, Electro Abrasives Inc.), zirconia-mullite composites have been pro-
duced by melting of high purity alumina and zircon (ZrSiO4) powders in an electric arc 
furnace. The composites show low thermal expansion and high thermal shock resistance 
that have been used in slide gates, hot gas nozzles for exhaust devices of a turboprop 






















Table 2: Sintering conditions and mechanical results of mullite and mullite-zirconia materials [25]. 
  Temperature (time) t-ZrO2 fraction E (GPa)     (MPa.m
1/2) 














1650 ºC (4h) - 216 1.9 374/315 
1650 ºC (2h) - 202 2.1 307/301 
20 vol.% ZrO2 
1650 ºC (2h) 36 218 3.7 339/269 
1600 ºC (4h) 46 214 3.7 396/345 
1600 ºC (2h) 53 205 4.0 453/311 
 20 vol.% ZrO2 (3 mol.% Y2O3) 
1600 ºC (4h) 45 216 3.5 368/364 













1650 ºC (4h) - 223 1.8 343/290 
1650 ºC (2h) - 207 1.9 379/357 
1630 ºC (4h) - 204 2.1 343/305 
20 vol.% ZrO2 
1650 ºC (2h) 20 221 3.4 416/329 
1600 ºC (4h) 25 214 3.3 403/341 
1600 ºC (2h) 32 198 3.7 396/369 
20 vol.% ZrO2 (3 mol.% Y2O3) 
1600 ºC (4h) 55 213 4.1 400/411 
1600 ºC (2h) 70 213 4.0 452/451 
1550 ºC (4h) 97 180 3.4 560/494 
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III.1.2. Mullite and zirconia-mullite composite electrolytes 
 The ZrO2 addition to mullite could change other intrinsic physical and chemical proper-
ties, namely the ionic conductivity. Zirconia, as aforementioned, has been exhaustively 
used as solid electrolyte, namely in gas sensors due to wide range of     for ionic conduc-
tion. Almost all of the applications of oxygen conductors have been concentrated in oxides 
(CeO2, ThO2, ZrO2, HfO2, Bi2O3), which crystallize with the fluorite structure or with distort-
ed variants of it. However, it has been of great interest to explore and look for alternative 
materials with different structures, which might upgrade the electrochemical performance. 
Mullite have been investigated in this way. It has crystalline structure of orthorhombic 
symmetry and belongs to Pbam space group (Fig. 8) [26].  
 Mullite is a non-stoichiometric compound and can be described by the chemical nota-
tion:    
  (      
        
         ⁄     , where    and    represent the coordination numbers 
of the cations,   is the number of oxygen vacancies per unit cell  and   goes from 0.5 to 
0.8 as the Al2O3/SiO2 ratio changes from 3:2 to 2:1 [27]. Therefore, similarly with what it 
happens in doped-ZrO2, it might exhibit oxygen ion conduction behaviour.  Assuming this, 
the earliest evaluation of the mullite oxygen ion conductivity was performed in natural mul-
lite samples [28]. However, these samples usually comprise a considerable amount of 
impurities, which might influence the conductivity value along with the transportations 
mechanisms [28]. The compositional 
mullite variation with temperature is 
clearly shown at the Al2O3-SiO2 phase 
diagram (for example 3Al2O3-2SiO2 rang-
ing from 59 to 62 mol.% Al2O3) [29], and 
corresponds to the substitution of alumin-
ium by silicon accompanied by the for-
mation of   





Figure 8: The structure of mullite 
(top) has octahedral AlO6 chains 
parallel to the c-axis that are cross-
linked by tetrahedral (Al,Si)O4 
chains. Atomic displacement around 
an oxygen vacancy (bottom) [31].  
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Gas sensors are mainly based on the EMF to determine the oxygen activity in the liquid 
melts (Fe, Co, Ni, Cu, Ag, Sn, Pb), by means of an electrochemical cell comprising: 
 
Liquid metal ‖ Solid     ion conductor ‖ Reference electrode 
 
The difference of the oxygen potentials in this electrochemical cell can be measured with  
    conduction through the solid electrolyte. Solid metal-metal oxide wires (Mo-MoO2, Cr-
Cr2O3, Ni-NiO) have been used as reference electrodes, which are dipped into homoge-
nous gaseous blends of Ar-O2, H2O-H2 or air. The EMF will be generated by the different 
oxygen potential between the electrolyte interfaces [33]. 
 The contribution of n-type electronic conduction in the solid electrolyte to the measured 
EMF of an electrochemical probe can be expressed by [30]: 




(   )
   
 (   
   
(   
 ) (   
   
]                    (3.7) 
where   is the Faraday constant,   is the absolute temperature,  ̅ gas constant,    
  and 
    are the partial pressures of oxygen at two electrolyte interfaces and     is defined as 
the oxygen partial pressure at which both ionic and electronic conductivity components 
are equal [30]. If the     satisfy this condition    
        , the foregoing equation can 
be simplified to [30]: 




   
  
+                             (3.8) 
The oxygen ion transport occurs from the interface with high oxygen potential to the inter-
face with lower one, and this is triggered by external voltage. The rate of deoxidation of 
the metal decreases for lower oxygen content in the metal. In this sense, it was reported 
the EMF of the oxygen concentration of three cells combining [32]: 
 
Air ‖ mullite ‖ H2O, H2 
 
Air ‖ mullite ‖ iron melt (1600 ºC) 
 
Air ‖ mullite ‖ Al melt saturated with Al2O3 (1000 - 1600 ºC) 
 
It was reported that the mullite phase enriched with SiO2 shows good ionic conductivity at 
1600 ºC for     value above 10
-8 atm. Moreover, this indicates that mullite-type oxygen 
sensors for steelmaking industry show superior performance to those of zirconia-type 
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sensors, especially at high temperatures and for very low oxygen activity (  ). Figure 9 
shows an apparatus developed for measure oxygen activities in liquid iron deoxidized by 
aluminium at 1600 ºC [30,32]. The results obtained with mullite electrolyte probe (using a 
Cr-Cr2O3 reference mixture) were compared with those obtained by a commercial 8 mol.% 
MgO-ZrO2 tube and plug to 9 mol% MgO-ZrO2 probes [34]. The tubular mullite probe was 
manufactured from high purity materials co-precipitated by a sol-gel method [30,32]:  
 
Mo, Cr-Cr2O3 ‖ mullite ‖ Oin Fe-Al alloy, Mo 
 



























Figure 9: Schematic dia-
gram of experimental ap-
paratus for measuring oxy-





Moreover, it was assumed for the mullite case that the solid electrolyte has pure ionic 
conduction and the thermodynamic equilibrium at the electrolyte/electrode interface is 
reached.  The oxygen activity for Al contents below 0.5 wt.% are in good agreement with 
Nernst equation and so to the Al/Al2O3 equilibrium [32,34]. The values obtained by the 
zirconia probe need to be corrected by the electronic conductivity component, in order to 
be in agreement with those obtained by the mullite probe (using the Nernst equation). It 
was found that the electrical conductivity of mullite is lower than that of zirconia (about 
three orders of magnitude). Although, zirconia-based are a solid electrolyte, when ex-
posed to high temperatures and low oxygen potentials, they exhibit mixed ionic and n-type 
electronic conduction. The conductivity is influenced by the type and concentration of the 
stabilizing oxide, the phase composition, the impurities in the electrolyte and the micro-
structure of the electrolyte [30]. Nagatani et al. confirmed the greater accuracy of mullite-
based  oxygen sensor  for very low oxygen activity (  ) [30]. Additionally, the    values 
were determined for mullite and ZrO2-9 mol.% MgO solid electrolytes (~1400 to 1650 ºC) 
[30].  The EMF values obtained by using the mullite probe are in agreement with the 
Nernst law at very low oxygen activities (Fig. 10), while the EMF values for the zirconia-
based sensors exhibit substantial deviations in the same conditions (below 5 ppm). 
 
 
Figure 10: Relationship between EMF and oxygen activity (a0) at various    values for 
ZR-7 and 9M (7 and 9 mol.% MgO-stabilized zirconia) and mullite electrolytes, adapted 




 Rommerskirchen et al. characterized the temperature dependence of the mullite ionic 
conduction domain by the mean of the    parameter.  The    parameter was determined 
for 1400 ºC (           Pa) and 1600 ºC (           Pa). Therefore, the      number 
of 3:2 mullite as function of the     was determined from      *  (     ⁄ )
    
+
  
  and 
it is depicted in Figure 11 [26]. 
  
Figure 11: The tion in 3:2 mullite as a function of the oxygen partial pressure, adapted from 
[26]. 
 
In 1983, Meng and Huggins reported a new chemical method to synthesize pure and in-
tentionally doped-mullite at rather low temperatures (1300 ºC) [27]. In this sense, the ox-
ide ion conductivity of the mullite solid solution was measured in air by AC impedance 
spectroscopy technique in the frequency range 20 Hz-100 kHz and the temperature range 
450-950°C. The results reveal that the composition and sintering temperatures significant-
ly influence the conductivity (Fig. 12). It was observed that the conductivity increases for 
SiO2-rich mullite (Fig. 12b), and for some compositions two regions with different slope (so 
different activation energy) were defined. Nevertheless, the conductivity of the 3:2 mullite 
is higher than those reported earlier (by a factor of about 6 at 800°C), which were ascribed 
to the low concentration of impurities.  The increase of the processing temperature had 
beneficial influence over the conductivity of 3:2 mullite (Fig. 12c). However, it was verified 
a non-reproducibility in the conductivity values for temperatures above 700-800 ºC, which 
was endorsed to instabilities in the structure. To avoid such behaviour, the samples were 
subjected to annealing experiments (1300 ºC for 24 h). The conductivity of annealed 

















tivity of samples annealed at 1300 ºC showed a clear curve profile, where two regions 
with distinct slopes were defined, with an inflection temperature at about 700 ºC. Such 
behaviour consisting of three regimes have been also reported for other structures (Fig. 
13), as aforementioned for the fluorite case [35].  
  
  
Figure 12: Arrhenius plots for the total conductivity (a) in specimens fired at 1300 °C with 
composition (A) 3Al2O3:2SiO2, (B) 3.25Al2O3:2SiO2, (C) 3.5Al2O3:2SiO2, (D) 
3.75Al2O3:2SiO2, (b) in specimens sintered at ~1800 °C with the composition (A) 3.25 
Al2O3:2SiO2, (B) 3.5Al2O3:2SiO2, (C) 3.75Al2O3:2SiO2, (c) of 3:2 mullite heat treated at (A) 
1750-1800 °C (B) 1300 ºC (C) 1031 °C, (d) of several mullite samples: (A) 3Al2O3:2SiO2, 
1300 °C/10 h, 1800 °C/1 h, 1300 °C/24 h; (B) 3.75Al2O3:2SiO2, 1300 °C/10 h, 1800 °C/1 
h, 1300 °C/24 h; (C) 3.75Al2O3:2SiO2, 1300 °C/10 h, 1800 °C/1 h, adapted from [28]. 
 
The range of each regime will depend upon many aspects: the melting point of the mate-






















































































gy of association of the complex defects. This is due certainly to some differences be-
tween different crystalline structures [35]. At this point, it is important to remain that the 
ionic conduction of doped oxide conductor obeys to the general equation: 
  (   ⁄     (      ⁄                     (3.9) 
where   is the ionic conductivity,   the absolute temperature,    pre-exponential factor 
and    is the activation energy. The pre-exponential factor can be expressed by [36], 
     ( 
         
      (                  (3.10) 
where   is the concentration of charge carriers,   is a geometrical factor,    is the charge 
of the carriers,    the jump distance,    the jump attempt frequency,     the entropy of 
migration and    is the Boltzmann constant. The concentration of carriers   is determined 
by the number of   
   able to exchange site with oxygen ion. However, in most of the cas-
es, the defects interactions lead to the formation of complex defects between the dopant 
cations and the   
  . This association happens specially at low temperatures regime. In this 
way, the dopant concentration will change and it is necessary to include the enthalpy of 
the defect association [36]. 
 
 
I: At high temperatures, the intrinsic defect con-
centration prevails and the activation energy re-
sults from the enthalpy of the defect formation plus 
the enthalpy for motion. 
II: At intermediate temperatures, the charge carrier 
defects are ruled by the dopant concentration, 
since this is independent of the temperature. The 
activation energy corresponds only to the enthalpy 
of motion. 
III: At low temperatures, the association becomes 
important and the concentration of charge carrier 
defects is modified by the thermodynamic equilib-
rium between free defects and complex defects, 
which lead to an increase of the activation energy. 
Figure 13: A schematic representa-
tion of the  conductivity behaviour of 
an oxide or halide ionic conductor, 
adapted from [35]. 
 
In this sense, the regimes of mullite conductivity should be understood in terms of the as-
sociation defects, i.e. to the transition between regions II and III in this model [28]. Non-
doped mullite was considered, and so the Al3+ ions proceed like the aliovalent ion in the 
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                (3.11) 
and  
    
    
   (    
   
      
                (3.12) 
 
 Moreover, the occurrence of a second phase as α-Al2O3 or β-quartz at the grain 
boundaries will change the oxygen ion transportation path, increasing the resistance. In 
fact, α-Al2O3 was identified in Al2O3-rich mullite sample, and the precipitation of α-Al2O3 
probably increases even more for sample processed at higher temperatures, which ex-
plained the different conductivity for samples with the same composition, but prepared at 
different temperatures (Figs.12a,b). 
 Ko et al. assumed a similar individual oxide ion conduction of mullite and zirconia 
through the   
  , and considered that the electrochemical performance could be modified 
by their blend. Therefore, the incorporation of different ZrO2 amounts as second phase 
into a suitable mullite matrix has great potential as solid electrolyte at high temperatures 
(Fig. 14). Even that, the composite ionic conduction must be strongly dependent on the 
intrinsic nature and the volume fractions of constituent phases [37]. It was observed that 
the conductivities of the zirconia-mullite composites increased with zirconia content, and 
the composites activation energies are well labelled by the determined for grain conductiv-
ity of mullite and zirconia (Fig. 14) [37].  
 The ionic conduction of the mullite-zirconia composites for the different volume ratio is 
given by the mixing equation [38]: 
  
  (      
      
                (3.13) 
where   is the ZrO2 volume fraction,   ,    and    are the conductivity of the composite, 
mullite and zirconia, respectively and   is a constant         (    if both phases 
are aligned with the direction of the ionic current and      if both phases are perpen-
dicularly). In the intermediate cases,     and so the equation becomes (Lichtenecker’s 
rule) [38]: 
      (                               (3.14) 
 In fact, the conductivities of composites prepared by hot pressing at 1600 ºC were well-





Figure 14: (a) Arrhenius plots of conductivities determined in the high-frequency region 
(related to grains). The numeric inscriptions corresponds to the zirconia volume fraction. 
(b) Activation energy versus zirconia content curve of mullite/zirconia composites in the 
high-frequency regions, adapted from [37].  
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Eutectic and off-eutectic mullite-zirconia fibres were grown by LFZ (laser floating zone) 
directional solidification. The microstructure of the mullite-zirconia eutectic fibres varies 
from planar coupled eutectic (1 mm/h pulling rate) through mullite columnar growth with 
coarse zirconia inclusions (10 mm/h pulling rate) to faceted mullite eutectic dendrites, 
which enclose a dispersion of fine zirconia fibrils (100-500 mm/h pulling rates). Near-
equilibrium conditions determine the crystallization of monoclinic zirconia and the absence 
of any amorphous phase, whereas for higher speeds the tetragonal structure is retained 
and a residual liquid is kept after the eutectic solidification. Similar structural and morpho-
logical characteristics are displayed by the mullite-rich off-eutectic composition added to 
the development of prismatic crystals of mullite primary phase. In opposition, heavy con-
stitutional undercooling takes place in the case of the zirconia-rich off-eutectic fibres, 
where equiaxed zirconia dendrites soon form as a primary phase, leaving a non-
equilibrium mixture of alumina and sillimanite as interdendritic constituent. 
 
 











Eutectic materials combine the characteristics of each phase in order to improve per-
formance and properties. New, highly homogenous and very fine microstructures based 
on eutectic constituents, having strongly bonded phases, high density of interphase area 
as well as short interphase distances, are thus promising solutions for technical ceramics. 
Another way to enhance materials properties is by controlling their texture. Therefore, by 
combining both aspects, directional solidified eutectic (DSE) ceramics are very attractive 
materials. DSEs are free from transverse grain boundaries which limit the rupture 
strength, and, if microcracks develop, their size is limited by the small spacing between 
phases [1]. Much work have been done in DSEs of different oxide-oxide systems such as: 
Al2O3-YAG, Al2O3-ZrO2, Al2O3-YAG-YSZ, Al2O3-Gd2O3, ZrO2-CaO, NiO-ZrO2, NiO-
ZrO2(Y2O3) [1-3]. Particularly, they have a great interest for thermo-mechanical applica-
tions due to their intrinsic thermodynamic stability and improved mechanical properties [2, 
4,5]. 
Among many directional solidification processes, the laser floating zone (LFZ) is fre-
quently used to produce textured eutectic materials. The use of a laser as heating source 
promotes very large thermal gradients at the solid/liquid interface and so high pulling rates 
can be used during the growth process. Another advantage of the technique is the ab-
sence of crucibles or dies thus avoiding chemical contamination. This method is also very 
convenient to grow single crystals from melting at high temperatures [2,6,7]. 
Special relevance has been given to the Al2O3-ZrO2(Y2O3) system processed by the 
LFZ method [8-12]. The influence of growth parameters and yttria amount to stabilize zir-
conia on the final microstructure, and consequently on the mechanical properties is thor-
oughly investigated [8-12]. Pastor et al. obtained a notable value for the flexural strength 
(1.6 GPa) at room temperature for an homogeneous dispersion of ZrO2 lamellae in a 
Al2O3 matrix [11]. However, a reduction in mechanical strength takes place at high tem-
perature to approximately 800 MPa at 1673 K [8]. 
In this context, mullite appears as an alternative component with the advantage of pre-
senting a lower mechanical degradation with temperature comparing to alumina and zir-
conia [13]. Mullite-zirconia belongs to the Al2O3-SiO2-ZrO2 system and is one of most 
promising ceramic composite for advanced refractory, structural and electrical applications 
[13-15]. In order to increase the fracture toughness partially-stabilised zirconia was incor-
porated in the mullite matrix, also promoting densification and reducing the glassy phase 
content [16]. Mullite-zirconia composites have been synthesized by different routes, such 
as chemical reaction, sol-gel technique, spark plasma sintering, tape casting, template 
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grain growth (TGG), thermal plasma reaction, laser surface treatment and slow-cooling 
floating zone (SCFZ) [13].  
The novelty of the present study is the development of mullite-zirconia DSE structures 
grown by the LFZ method seeking grain alignment together with a refinement of their size, 
namely at high pulling rates, both characteristics contributing to better mechanical behav-
iour. Also, comparing to similar DSE ceramics already grown by the LFZ technique, like 
those of the Al2O3-ZrO2 and Al2O3-ZrO2-Y2O3 systems [12], the mullite-zirconia composi-
tion can present less problems of crack formation upon cooling due to the higher fracture 
toughness of the mullite matrix. Eutectic and off-eutectic compositions are compared 




Mullite-zirconia ceramic fibres were obtained by the laser floating zone (LFZ) method 
from precursor rods prepared from commercial powders of zirconia (ZrO2, TZ-8Y yttria 
stabilized tetragonal zirconia, Tosho, co.), alumina (Al2O3, Merck anhydrous γ-alumina) 
and silica (SiO2, Sigma). Three different compositions regarding the starting ZrO2-Al2O3-
SiO2 amounts were studied in the mullite-zirconia binary system (Table 1): the eutectic C1 
and the two off-eutectic C2 (zirconia rich) and C3 (mullite rich), marked in Figs. 1a,b [17]. 
Powders were mixed by ball-milling during 1h 30m. Polyvinyl alcohol (PVA 0.1 g/ml) was 
further added in order to bind the grains for subsequent cold extrusion of the cylindrical 
precursor rods (~1.5 mm in diameter) for LFZ. After extrusion, these cylindrical rods were 
air dried 48 hours.  
 
Table 1: Nominal ZrO2-Al2O3-SiO2 compositions of the studied fibres: C1 - eutectic com-
position, C2 - zirconia rich off-eutectic composition and C3 - mullite rich off-eutectic compo-
sition. 
 ZrO2 (wt.%) SiO2 (wt.%) Al2O3 (wt.%) 
C1 30 20 50 
C2 67 10 23 






Figure 1: (a) Ternary phase diagram (in wt.%) of the Al2O3-SiO2-ZrO2 system and (b) mul-
lite-zirconia binary phase diagram, adapted from ref. [17]. The compositions investigated 
are pointed out: C1 - eutectic composition, C2 - zirconia rich off-eutectic composition and 
C3 - mullite rich off-eutectic composition. 
 
Directional solidified eutectic (DSE) fibres were then obtained by the LFZ method using 
a 200 W CO2 laser (Spectron, SLC). An illustration from this technique is depicted in Fig. 
2a. Fibres like that in Figure 2b were grown in atmospheric conditions between 1 and 500 
mm/h of growth rate. All fibres were pulled downwards in order to avoid the incorporation 












































Figure 2: (a) Illustration of the laser floating zone apparatus. (b) Mullite-zirconia fibre with 
the eutectic composition, grown at 10 mm/h. 
 
Structural information was obtained from powdered fibres by X-ray diffraction (XRD) 
carried out in a Rigaku Geigerflex diffractometer (Cu-Kα radiation, λ = 1.54056 Å, step 
width 0.02º) from 5 to 80º and with a scan rate of 3º/min. Microstructural features were 
studied in polished surfaces, at longitudinal and transversal cross sections. The studies 
were performed in a Hitachi S4100 scanning electron microscope (SEM), helped by 
chemical elemental mapping by energy dispersive X-ray spectroscopy (EDS). Raman 




III.2.3.1.  Eutectic composition (C1) 
Significant changes in the microstructure of the mullite-zirconia fibres take place as a 
function of the pulling rate. At the slowest condition, 1 mm/h, a coupled eutectic morphol-
ogy comprising mullite (dark grey phase) and zirconia (white phase) is obtained (Figs. 










































Figure 3: SEM micrographs of the longitudinal (a, c, e and g) and transversal (b, d, f and 
h) cross-sections of fibres with the eutectic composition (C1) grown in the 1 - 500 mm/h 
range. The inset in (f) shows the zirconia fibrils of the eutectic dendrites perpendicular 







phases aligned along the fibre axis (Fig. 3a). The zirconia phase appears as inclusions in 
a continuous mullite matrix (Fig. 3b). At 10 mm/h, a columnar morphology of polyhedral 
mullite crystals (~56 vol.%) develops with zirconia inclusions (~21 vol.%) (Figs. 3c,d). 
These crystals are embedded in a light grey phase of Al-Y-Si oxide (~23 vol.%). The 
transversal cross-sections disclose the prismatic habit of such crystals (Fig. 3d) that grow 
preferentially along the fibre axis (Fig. 3c).  By increasing the pulling rate to 100 mm/h, a 
dendritic eutectic microstructure develops (Figs. 3e-h). The faceted mullite crystals, ori-
ented along the growth direction, enclose a fine dispersion of zirconia fibrils, forming eu-
tectic dendrites. Inside these mullite crystals, the zirconia fibrils grow perpendicularly to 
the mullite facets (Fig. 3f). A detail of this feature shows that primary zirconia fibrils tend to 
grow along the diagonal planes of the prisms, from which secondary arms develop at 45º 
(inset of Fig. 3f). The intercolumnar phase amount (mainly Al-Si-Y) increases in compari-
son to that observed in the 10 mm/h grown fibre. Mullite-zirconia fibres grown at the high-
est speed, 500 mm/h, present a similar microstructure (Figs. 3g,h) to the 100 mm/h ones, 
although finer and with an even higher content of intercolumnar phase. 
The EDS cross-section map image taken from a 100 mm/h fibre (Fig. 4a,b) presents a 




Figure 4: (a) SEM micrograph 
of the transversal cross-section 
of a 100 mm/h grown fibre with 
the eutectic composition C1, (b) 
the respective chemical ele-
mental distribution map per-
formed by EDS analysis and (c) 
EDS spectra of amorphous 
phase of fibres grown at 10 and 
500 mm/h.  
 
 

































The composition of the intercolumnar phase was estimated as: Al=40 at.%; Si=24 at.%; 
Zr=3 at.%; Y=33 at.%, being the yttrium percentage function of the pulling rate, with slight 
increases for the lowest pulling rate (Fig. 4c). The XRD patterns of the different fibres only 
present diffraction peaks corresponding to mullite, monoclinic and tetragonal zirconia 
phases (Fig. 5), so the intercolumnar phase is amorphous, which is corroborated by the 
presence of a broad band in the XRD spectra. 
 
Eutectic composition (C1) 
 
Figure 5: XRD data from fibres with eutectic composition C1 from 10 to 500 mm/h. The 
diffraction pattern corresponds to (1) mullite JCPDS: 01-089-2645, (2) monoclinic zirconia 
JCPDS: 00-007-0343 and (3) tetragonal zirconia JCPDS: 01-072-2743. 
 
Figure 6 shows Raman spectra taken from transverse surfaces of fibres grown in the 1-
500 mm/h range. The selected wavelength for the Raman analysis (532 nm) allows sub-
surface interaction, since the electronic absorption is rather low [18]. The spectra taken 
from the fibres were fitted with lorentzian curves (LabSpec) and the bands were assigned 
by comparison with literature data [19-24] in Table 2. Zirconia produces a much stronger 
Raman signal than mullite, overlapping it when both phases are present. Consequently, 
for the eutectic composition, all identified Raman bands were assigned to monoclinic and 
 
























































tetragonal zirconia metastable phases [25,26]. The Raman-active modes of zirconia are 
defined as A1g+2B1g+3Eg  for the tetragonal phase and 9Ag+9Bg  for the monoclinic one 
[39,40]. 
 
            Eutectic composition (C1) 
 
Figure 6: Raman data from transversal cross section of mullite-zirconia fibres, with eutec-
tic composition C1 grown with pulling rates in the range 1 to 500 mm/h. Raman-active 
modes Ag and Bg are from monoclinic zirconia, while Eg and B1g correspond to tetragonal 





















































































Table 2: Comparison between experimental peaks of the three compositions (C1, C2, C3) 
and those reported in literature for mullite and zirconia phases. Raman-active modes for 
mullite, monoclinic and tetragonal zirconia are shown [19-24]. 
Fibres grown by 
LFZ Mullite 
Zirconia 
C1 C2 C3 Monoclinic Tetragonal 
146 149 148   149 (Eg-Zr and O along XY) 
179  180  179 (Ag Zr-Zr)  
191  191  190 (Ag Zr-Zr)  
223  223  222 (Bg Zr-Zr)  
266 262 267   269 (Eg-Zr and O along XY) 
314  309 310-315 (Ag) 305 (Ag Zr-O)  
 320    319 (B1g-Zr and O along Z) 
335  336  336 (Zr-Zr)  
346  349  350 (Zr-O)  
382  383  381 (Bg O-O)  
457 464 460   461 (Eg-Zr and O along XY) 
483  482 460-482 (Ag) 476 (Ag O-O)  
507  510  500 (Bg O-O)  
539  541  534 (Bg O-O)  
569  564 578 (Ag) 556 (Ag O-O)  
621 604 621 610-620 (Ag) 615 (Bg O-O) 602 (A1g-O along Z) 
642 642 643  637 (Ag O-O) 648 (B1g-Zr and O along Z) 
 
A particular phenomenon that is associated to DSE growth is banding, that follow the 
solidification front shape being dependent on the pulling rate [10]. The banding phenome-
non is depicted in Figure 7. Bands correspond to distinct regions of the same constituent 
but alternating coarser and finer morphologies, with a sharp transition between them [9, 
27]. The bands are identified in longitudinal cross-sections, spaced between 30 to 120 
μm, this value being proportional to the pulling rate. The banding phenomenon in fibres is 
due to local perturbations in the growth parameters, e.g. energy laser absorption, temper-
ature, velocity, and convection [1,9,27]. Such perturbations may induce segregation or 







Figure 7: SEM micrographs illustrating the increase of the bands distance with the growth 
rate: (a) 10 mm/h, (b) 50 mm/h and (c) 100 mm/h. 
 
III.2.3.2. Off-eutectic zirconia rich composition (C2)  
All fibres grown with zirconia rich off-eutectic composition C2 present a non-directional 
morphology, an uncommon result in directional solidification processes, as disclosed in 
Figure 8. In these micrographs, the longitudinal microstructure view (Fig. 8a) is undistin-
guishable from that in cross section (Fig. 8b).This phenomenon takes place for all pulling 
rates. Fibres are mainly composed by zirconia phase (white phase) around 55 vol.% ir-
regularly distributed with an arborescent shape (in the equiaxed dendrites), surrounded by 







Off-Eutectic composition (C2) 
  
Figure 8: SEM micrographs of the longitudinal (a) and transversal (b) cross-sections of a 
fibre with the off-eutectic composition (C2) grown at 500 mm/h.  
 
X-ray diffraction data in Figure 9 confirm the presence of tetragonal zirconia and alumi-
na, mainly in the slowest grown fibres, at 10 mm/h, while sillimanite essentially appears at 
500 mm/h. The Raman spectra taken from the C2 fibres are shown in Figure 10. For this 
composition, regardless the pulling rate, only the tetragonal structure of zirconia is detect-
ed. Additionally, a small contribution from the A1g mode of alumina (418 cm
-1) is arrowed, 










Figure 9:  XRD data from fibres with off-
eutectic composition (C2) grown from 10 
to 500 mm/h. The diffraction pattern cor-
responds to (3) tetragonal zirconia phase 
JCPDS:01-082-1241, (4) sillimanite 






   Off-eutectic composition (C2) 
 






























































Figure 10: Raman spectra from trans-
versal cross sections of mullite-zirconia 
fibres with off-eutectic composition (C2), 
from 10 to 500 mm/h. The Raman-active 
modes Eg, A1g and B1g correspond to 
tetragonal zirconia, according to Table 2.  
The arrowed small feature corresponds 




III.2.3.3. Off-eutectic mullite rich composition (C3)  
The microstructure of the fibres grown with mullite rich off-eutectic composition C3 is 
characterized by the development of axial-oriented mullite prismatic crystals. At a pulling 
rate of 10 mm/h, the mullite crystals (~68 vol.%) are surrounded by a coarse eutectic mul-
lite-zirconia phase (~19 vol.% of zirconia) (Figs.11a,b), which differs from composition C1, 
where the zirconia globules appear inside the mullite crystals (Figs. 3c,d). The intercrystal-
line region is filled by the amorphous phase (~13 vol.%, light grey phase) (Figs. 11a,b). 
For fibres grown at 100 mm/h, the eutectic microconstituent becomes a complete shell 
around the mullite crystals with the major difference of being much finer (Figs. 11c,d). In 
this case the fibrils zirconia phase tends to grow perpendicularly to the mullite facets. For 
the highest pulling rate (500 mm/h), the zirconia phase is even finer and more dispersed 
within the eutectic, which fills all the intercrystalline region (Figs.11e, f). Figure 12 shows 
the XRD powder spectra of C3 fibres that confirm the presence of mullite, monoclinic zir-
conia, tetragonal zirconia and some amorphous phase. 
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Figure 11: SEM micrographs of the longitudinal (a, c and e) and transversal (b, d and f) 
cross-sections of fibres with the off-eutectic composition (C3) grown with pulling rates in 
the range 10 - 500 mm/h. 
 
The Raman data on the C3 fibres are shown in Figure 13, the two zirconia phases dom-
inating the spectra. As observed for the C1 composition, the same trend is verified for the 
evolution of the tetragonal/monoclinic phase amount, the monoclinic phase being replaced 



















Figure 12: XRD data from fibres with 
off-eutectic composition (C3) grown at 
10 to 500 mm/h. The diffraction pat-
tern corresponds to (1) mullite 
JCPDS: 00-015-0776, (2) monoclinic 
zirconia JCPDS: 01-070-8739 and (3) 
















Figure 13: Raman spectra from trans-
versal cross sections of mullite-zirconia 
fibres with eutectic composition (C3), 
grown with pulling rates in the range 10 
- 500 mm/h. Raman-active modes Ag 
and Bg are from monoclinic zirconia, 
while Eg and B1g are from tetragonal 
zirconia, according to Table 2. 
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Homogeneity and morphology have special relevance in the mullite-zirconia eutectic fi-
bres processed by LFZ since their properties strongly depend on these factors. An im-
portant feature is the size and shape of eutectic colonies or columns and their crystallo-
graphic orientation [2,28]. The occurrence of coupled or dendritic eutectics depends on 
the growth rate assuming a constant solidification thermal gradient. Theoretically, the 
coupled growth occurs in equilibrium conditions and promotes regular structures where 
two eutectic phases crystallize simultaneously [2,28]. Coupled eutectic solidification, 
which occurs bellow a critical growth rate [2], happens in the present system at 1 mm/h 
(Figs. 3a,b) for composition C1, the eutectic composition of the mullite-zirconia binary sys-
tem that solidifies at 1790ºC (Fig. 1b).  
At intermediate pulling rates of 10 mm/h (Figs. 3c,d), disruption of the planar solidifica-
tion front leads to columnar growth, still exhibiting an irregular distribution of coarse zirco-
nia inclusions in the mullite phase. However, at this pulling rate, the crystallization course 
does not finish at the eutectic invariant of the mullite-zirconia binary system (Fig. 1b), pro-
gressing with an Al-Y-Si rich residual liquid that solidifies as an amorphous phase be-
tween the crystals. As a consequence of faster cooling, the amount of residual liquid in-
creases with the pulling rate. So, in order to have a complete redistribution of all chemical 
elements, and to avoid amorphous phases, slow growth is helpful (<10 mm/h).  
For higher speeds (100-500 mm/h), competitive growth of dendrites surpasses coupled 
eutectics solidification [2] and faceted eutectic dendrites develop (Figs. 3e-h). The for-
mation of facets by the phase with high melting entropy led to irregular eutectic structures 
in ceramic systems like Al2O3-Y2O3, where alumina and yttrium aluminium garnet are ex-
amples of phases which have a tendency to facet. Like in the present mullite-zirconia sys-
tem, this results in very restricted conditions for coupled growth in DSEs [2,28]. 
The pulling rate as also a net effect on the relative amount of tetragonal zirconia with 
respect to monoclinic structure. The evolution of the most prominent peaks of each phase 
(highlighted by coloured lines in Fig. 6) changes contrariwise with the pulling rate. This 
way, Raman spectroscopy confirmed the trend dependency of the tetragonal/monoclinic 
amount ratio (T/M) with the growth rate observed in XRD (Fig. 5). The good agreement 
between the two techniques is put in evidence in the plot of Figure 14, where T/M in-
creases monotonically with the pulling rate. In this plot, the XRD zirconia peak intensities 
at 29.9º (tetragonal) and 31.4º (monoclinic) were considered, whereas for Raman 
spectroscopy, the integrated areas of the bands at 178 cm-1 (monoclinic) and 264 cm-1 
(tetragonal) were used. The simultaneous presence of monoclinic and non-transformable 
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tetragonal structures corresponds to a well-known region of the zirconia-yttria system [29]. 
The monoclinic phase is favoured in slow cooling (low pulling rates) that approaches equi-
librium conditions. Kinetically, at high pulling rates, yttrium diffusion from the zirconia 
phase to the outer residual liquid is hindered, so tetragonal zirconia is stabilized [30]. 
Moreover, the amorphous shell around the tetragonal zirconia grains helps on this stabiliz-
ing role [30]. 
 
Figure 14: Tetragonal/monoclinic (T/M) ratio dependence on pulling rate, measured by 
XRD and Raman spectroscopy in the C1 composition. In XRD, zirconia peak intensities at 
29.9º (tetragonal) and 31.4º (monoclinic) were considered. In Raman spectroscopy, the 
integrated areas of the bands at 178 cm-1 (monoclinic) and 264 cm-1 (tetragonal) were 
used. 
 
The above described tetragonal/monoclinic phase ratio dependency with pulling rate 
was clearly verified for the compositions C1 and C3, while for C2 (the richest in zirconia) 
only the tetragonal zirconia phase was detected. In fact, compositional moving from the 
binary eutectic (C1) towards the zirconia-rich (C2) or mullite-rich (C3) fields leads to strong 
modifications in the fibres microstructure (Figs. 3, 8 and 11). This is particularly pro-
nounced for the zirconia-rich off-eutectic C2. This composition situates in the primary crys-
tallization region of zirconia (Fig. 1a) so that zirconia develops as primary phase. Addi-
tionally, since the used zirconia precursor was the yttrium pre-stabilized form, only tetrag-
onal zirconia develops in this composition due to its high yttrium concentration. The re-
maining Al2O3-SiO2 liquid after primary crystallization solidifies as a mixture of alumina 
and silimanite interdendritic phases. The absence of mullite shows that C2 solidification is 
far from equilibrium justifying the crystallization of the metastable sillimanite (Al2O3.SiO2). 
 










































As this silicate is alumina-poor with respect to mullite, it is compensated by alumina for-
mation, as detected by both XRD and Raman (Figs. 9, 10) in the 10 mm/h grown fibre.  
The final morphology of the off-eutectic compositions is determined by the constitution-
al undercooling criterion [1]:   
G/R = -m(CE - C0)/D           (1) 
where m is the slope of the liquidus, CE the eutectic composition, C0 the nominal composi-
tion and D the diffusion coefficient of the solute in the melt. This equation can take the 
form [1]: 
    G/R = k ΔT                         (2) 
where k is a constant and ΔT is the solidification range of Co. 
 When the left side of equation (2) decreases or the right side increases, the following 
morphological sequence takes place: planar  cells (columns)  dendrites  equiaxed 
grains [1]. Fibres from off-eutectic zirconia rich composition (C2) are mainly composed by 
equiaxed zirconia grains which do not show any preferential orientation and are randomly 
distributed. This happens when constitutional undercooling strongly prevails and the solid 
nucleates in the melt ahead of the solid/liquid interface. Here, primary dendrites of zirconia 
began to develop and later branching in all directions, resulting in equiaxed dendrites. For 
a given G/R, the solidification range ΔT is thus the determinant parameter of the constitu-
tional undercooling condition. For the off-eutectic C2 composition, the very high value 
ΔT~500ºC (Fig. 1b) explains the development of equiaxed dendrites of zirconia. 
Contrarily to C2, the much smaller ΔT~50ºC (Fig. 1b) for the off-eutectic C3 composi-
tion determines the growth of axial-oriented grains in the form of prismatic crystals of mul-
lite, the primary phase of C3. This is characteristic of a competitive growth, where the pri-
mary phase is heavily constitutionally undercooled thus growing faster than the eutectic 
one [31].  The microstructure of the off-eutectic mullite rich composition (C3) also compris-
es the two-phase mullite-zirconia eutectic as an interdendritic constituent, according to the 
phase diagrams (Figs. 1a,b). Like for C1 composition, the morphology of the eutectic con-
stituent in C3 is much coarser at low pulling rates (Figs. 11a,b) than for the higher speeds 
(Figs. 11c-f) that have shorter diffusion paths.  
 
III.2.5. Conclusions 
Fibres of the mullite-zirconia binary system composites were grown by the LFZ meth-
od from 1 to 500 mm/h of pulling rate. Fibres with the eutectic composition show a net 
dependence of microstructure on the pulling rate. A coupled eutectic morphology devel-
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ops at the lowest speed, 1 mm/h, due to planar solidification conditions that lead to a 
regular structure of the two eutectic components mullite and zirconia.   
When the pulling rate was increased above 10 mm/h, disruption of the planar solidifi-
cation front leads to columnar growth and well-aligned mullite crystals with coarse zirconia 
inclusions inside. A Al-Y-Si residual liquid solidifies as an amorphous phase between the 
crystals. At even higher speeds (100-500 mm/h), the crystals that develop along the fibre 
axis take the form of faceted eutectic dendrites.  
Fibres with the mullite-rich off-eutectic composition follow a similar microstructural evo-
lution for the eutectic constituent, i.e. coarse and fine morphology at low and high speeds, 
respectively. The difference is the crystallization of prismatic primary mullite crystals. A 
very distinct behaviour is found for the zirconia-rich off-eutectic composition where ran-
domly distributed equiaxed zirconia dendrites crystallize within a matrix of alumina and 
sillimanite phases.  
A good agreement between XRD analysis and Raman spectroscopy was found on the 
tetragonal/monoclinic zirconia amount ratio dependence with the pulling rate. It was ob-
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The properties of directionally solidified eutectic (DSE) zirconia-mullite composites are 
presented. These materials combine two oxide ion conductors in eutectic microstructures 
stable over broad temperature (570-1415 °C) and oxygen partial pressure (10-20 to 105 Pa) 
ranges, which are pertinent for their application as high temperature (>1200 °C) solid elec-
trolytes, e.g. in nernstian sensors. X-ray diffraction and scanning electron microscopy / 
energy dispersive spectroscopy results reveal a composite structure comprising eutectic 
crystals of mullite and zirconia, and an intergranular amorphous phase rich in Al-Y-Si-O. 
The amorphous phase is crystallised upon annealing at 1400 °C, and the resulting com-
posites have a composition close to the nominal eutectic consisting of 79 vol.% mullite 
and 21 vol.% zirconia. The electrical conductivity of these materials is rationalized in terms 
of percolation, fraction and the properties of each phase, attaining values in excess of 
0.01 S/cm at 1370 °C and displaying Arrhenius behaviour with activation energy of 70 
kJ/mol. The broad electrolytic domain of these solid electrolytes is demonstrated by con-
ductivity measurements carried out in O2, air, Ar and 10%H2+90%N2 atmospheres from 
600 °C to 1370 °C. 
 
 







Directionally solidified eutectic (DSE) oxide composites are characterized by very par-
ticular microstructures displaying textured and homogeneous fine mixtures of the compo-
nents. These microstructures can be tailored as rod-like, lamellar or fibrous by a relatively 
simple control of the processing conditions [1-5]. These features are attractive to the de-
sign of electroceramics with low percolation threshold volumes [2-4]. Most of the investi-
gations have been carried out in oxide DSE composite fibres grown by the laser floating 
zone (LFZ) method [1], with the composites of alumina and an ionic conductor such as 
yttria-stabilized zirconia being a good example where higher bending strength is expected 
when compared to pure zirconia [6-8].   
Yttria-stabilized zirconia (YSZ, (Zr,Y)O2) is an excellent oxide ion conductor with high 
thermo-mechanical and chemical stability. YSZ is by far the most studied and used solid 
electrolyte for high temperature electrochemical applications, from promising technologies 
such as solid oxide fuel cells and electrolysers, to well-established mass-produced oxygen 
sensors [9-10]. The ionic conductivity of zirconia is (besides a minor contribution from in-
trinsic anti-Frenkel defects) mainly due to the extrinsic oxide vacancies (  
  ) formed to 
balance the partial substitution of Zr4+ cations with lower valence Y3+ according to the 
equilibrium expressed in Kröger-Vink notation by     
    
→       
     
    
   [9]. 
 Mullite is an aluminosilicate with excellent chemical and thermo-mechanical stability 
that is widely employed in structural applications [11,12], having also been suggested as a 
possible substitute for zirconia electrolytes in potentiometric sensors able to operate in 
reducing conditions at very high temperatures (1400-1600 °C) [13-14]. The oxide conduc-
tivity of mullite is due to the oxide vacancies created by the substitution of Si4+ for Al3+ 
(     
    
→       
    
      
 ). However, the concentration of free vacancies is low and so 
is the conductivity, e.g. 3.2 x10-5 S/cm at 800 °C for 3Al2O3-2SiO2 [16,17]. As desired for a 
solid electrolyte, the electronic conductivity is negligible, with ionic transference numbers 
higher than 0.99 at oxygen partial pressures (   ) higher than 10
-5 Pa, at 1400 °C, or 1 Pa 
at 1600 °C [13].        
 Zirconia-mullite composites are potentially interesting high temperature solid electro-
lytes because they combine the high ionic conductivity and broad electrolytic domain of 
zirconia with the good creep resistance, excellent chemical stability and strength of mullite 
at high-temperature [18]. Moreover, zirconia may improve the fracture toughness. Such 
composites were indeed proposed as oxygen sensors to work under the thermally and 
chemically harsh environment of steel making [18-19]. As expected, the ionic conductivity 
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increases with increasing zirconia fraction, with major changes near the percolation limit 
(2.0x10-5 S/cm and 1.4x10-4 S/cm for 20 vol.% and 30 vol.% zirconia, respectively, at 700 
°C) [16,18].   
 It was previously shown by some of the authors that zirconia-mullite DSE composites 
obtained by LFZ may display various microstructures (planar coupled eutectic, faceted 
mullite crystals enclosing a dispersion of fine zirconia fibrils or mullite columnar growth 
with coarse zirconia inclusions), depending on the pulling rate [20]. In the present work, 
the study of the ZrO2-SiO2-Al2O3 eutectic composition is refined in order to explore the 
potential of zirconia-mullite DSEs with low zirconia content (21 vol.%) as a dual-phase 
solid oxide electrolyte for application at temperatures higher than 1300 °C. 
 
III.3.2. Experimental 
 Feed and seed rods were prepared from commercial powders with a composition of 50 
wt.% -Al2O3 (Merck, anhydrous, >99.9%), 20 wt.% SiO2 (Sigma, 99%) and 30 wt.% 8 
mol.% Y2O3–stabilized ZrO2 (Tosoh Co., 99.9% with approximately 2% HfO2). The pow-
ders were mixed during 90 minutes at 500 rpm in a planetary ball-mill (Retsch, PM100). 
Green rods were then processed by extrusion with the help of a polyvinyl alcohol (PVA 0.1 
g/ml) binder. A LFZ apparatus described elsewhere [20] was used to grow fibres in air 
using pulling rates of 10, 100 and 500 mm/h. Typical fibres are ~1.5 mm in diameter and 
~30 mm in length. Selected fibres were subjected to a post-synthesis annealing for 10 
hours at 1400 °C in air. 
 The structural analysis of powdered fibres was carried out by X-ray diffraction (XRD, 
X’Pert MPD Philips, Cu-Kα radiation) with a step width of 0.01° and a scan rate of 3°/min. 
Variable temperature X-ray diffraction patterns (HTXRD) were collected between 300 °C 
and 1000 °C in the same apparatus, using a step width of 0.02°. The system is equipped 
with a Anton-Parr GmbH HTK16 chamber, containing a Pt filament and a Pt-Pt/Rh(10%) 
thermocouple. Rietveld analysis of the XRD patterns collected at each temperature was 
performed with Fullprof [21] and refining the scale factor, background, lattice parameters, 
sample displacement, and peak profile parameters. 
 The microstructural characterization was carried out in a scanning electron microscope 
(SEM Hitachi S4100) linked to an energy dispersive X-ray spectroscopy (EDS) system. 
The fractional area occupied by each phase was estimated based on SEM images, using 
Image J 1.45s [22], and assumed as equivalent to the volume fraction of each phase. At 
least 10 images for each sample were analyzed in order to obtain an average value and 
the associated dispersion.  
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 The electrical conductivity was measured by impedance spectroscopy along the growth 
direction of samples with ~4.5 mm in length, which were cut from the original fibres. Plati-
num electrodes were applied at the tips and thermally treated at 1000 °C for 1 h to provide 
good electrical contacts. The impedance spectra were acquired with a Hewlett Packard 
4984a LCR meter in the frequency range 20-106 Hz and using a test signal amplitude of 1 
V. The measurements were carried out during cooling under flows (50 mL/min) of air, ar-
gon, oxygen or a mixture of 90%N2+10%H2 (    monitored in situ using a YSZ nernstian 
sensor) and as a function of temperature in the range 570 °C - 1415 °C. Two experimental 
set-ups were used, one covering the high temperature range from 900 °C up to 1400 °C 
where only air, argon and oxygen atmospheres could be used (hydrogen is avoided for 
security reasons), and another specified for a low temperature range (up to 1000 °C) 
which is compatible with hydrogen containing gas mixtures, offering in addition the possi-
bility to humidify the gases. The sample holders have the same design in set-ups.   
 
III.3.3.  Results and discussion 
III.3.3.1. Microstructural characterization and phase analysis 
 The room temperature XRD pattern of the fibre pulled at 100 mm/h (Fig. 1, thick line) 
shows the presence of three phases: orthorhombic mullite (M, space group Pbam [23]), 
and tetragonal (Zt, space group P42/nmc [24]) and monoclinic (Z
m, space group P21/c 






Figure 1: Powder XRD pat-
terns of a zirconia-mullite 
eutectic fibre obtained at 
100 mm/h (thick blue line) 
and of the same fibre an-
nealed at 1400 °C in air for 
10h (thin black line). M is 
mullite (JCPDS card n° 01-
074-4146), Zm is monoclinic 
zirconia (JCPDS card n° 00-
007-0343) and Zt is tetrago-
nal zirconia (JCPDS card n° 













































































































 The HTXRD data in Figure 2 show the expected decrease of the intensity of the mullite 
reflections upon heating, due to the temperature factor. They also clearly depict the pro-
gressive transformation of Zm into Zt with increasing temperature, suggesting that the 
YO1.5 content in ZrO2 is lower than 6 mol.%, and thus that the existing Z
t lies on the cate-
gory of the transformable tetragonal zirconia [26,27]. One may thus obtain an estimate of 
the yttria content as a function of temperature by the XRD intensity ratio between the Zm 
( ̅  ) and Zt (   ) reflections.  
 
Figure 2: Powder HTXRD patterns of a fresh zirconia-mullite eutectic fibre grown at 100 
mm/h. 
 
The HTXRD patterns did not support refinement of the fractional coordinates and thermal 
parameters for each independent atom of the three phases, but these restrictions are ex-
pected to have a minimal influence on the estimated weight fractions. The full list of the 
refined lattice parameters, unit cell volume, Rietveld R factors and fit statistics are provid-
ed as supplementary information. The results are depicted in Figure 3, with the inset 
showing the crystalline weight fractions of both Zt and Zm. Between 400 and 800 °C the 
ZmZt transformation rate has an approximately linear temperature dependence, and thus 
one may express the temperature at which the free energies of the tetragonal and the 

















































































monoclinic phases are equal as   
                , where x is the molar fraction of 
YO1.5 [28]. Using this relation and assuming   
    = 562°C at the inflection point of the 
polynomial fit in Figure 3, the estimated concentration of YO1.5 in ZrO2 is 3.5 mol.%. This 
value is much lower than that in the initial precursor (16 mol.% YO1.5).  
 
Figure 3: XRD intensity ratio between the Zm ( ̅  ) and Zt (   ) reflections plotted as a 
function of temperature. The transition temperature (  
    ~ 562 °C) is depicted on the 
polynomial fit. The inset shows the weight fractions of both phases estimated by Rietveld 
refinement. 
 
The most likely explanation for such difference is the segregation of yttria to a glassy Si-Y-
Al intergranular phase, as shown by SEM/EDS (Figs. 4 and 5). This phase appears with 
light grey contrast surrounding the eutectic colonies in the SEM images (Figs. 4 a,b,c), 
whereas the eutectic constituent grows aligned with the fibre axis comprising a mullite 
(dark grey) matrix enclosing fibrils of zirconia (white). The amount of amorphous phase 
increases substantially when increasing the pulling rate from 100 mm/h to 500 mm/h 
(Figs. 4a and 4b). After annealing the fibre at 1400 °C, small crystallites begin to nucleate 
inside the amorphous phase (Fig. 4d). Such precipitates have a faceted habit, as shown in 
Figure 5a.  
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Figure 4: SEM micrographs obtained at the transversal cross-sections of fresh fibres 
grown at (a) 100 and (b) 500 mm/h. (c) and (d) compare the 100 mm/h fibres before and 
after annealing at 1400 °C in air for 10 h, respectively. (e) and (f) show the longitudinal 
cross-section of the fibre grown at 100 mm/h and annealed at 1400 °C/ 10 h and of the 
fresh fibre obtained at 500 mm/h, respectively. Mullite appears dark, zirconia is white and 
the glassy phase shows up in light grey contrast. 
 
The semi-quantitative EDS analysis of the mullite crystals (Region 1 in Fig. 5a) yields a 
Al:Si atomic ratio close to 4:1 (Fig. 5b), confirming the 2Al2O3:SiO2 stoichiometry. Such 
composition is typical of mullite crystals obtained from a melt [11] The EDS spectrum of 
Region 2 is similar to the one of Region 1, although suggesting higher amount of Si, 
whereas Y is highly concentrated in the precipitates of Region 3, also containing Zr (Fig. 






tribution in the different regions, namely the Y (and possibly also Zr) in the precipitated 




Figure 5: (a) SEM micrograph acquired on the longitudinal cross-section of the 100 mm/h 
fibre after electrical measurements up to 1415 °C. The three labelled regions correspond 
to: 1 - mullite crystal, 2 - intergranular region, and 3 - crystalline precipitates in the inter-
granular region. (b) EDS spectra corresponding to the regions 1, 2 and 3 labelled in (a). 
(c, d) Elemental EDS maps for Zr/Y and Al/Si binaries, respectively.  
 
 The differences in the relative intensity of the reflections observed in the XRD patterns 
of the as grown (thick blue line in Fig. 1) and annealed fibres (thin black line) confirm that 
irreversible structural changes have indeed occurred upon annealing, namely the trans-
formation of monoclinic zirconia into the tetragonal or cubic polymorph (both phases are 
difficult to distinguish without filtering out the Cu-kα2 radiation) and the increase of the frac-









































tion of mullite suggested by the higher relative intensity of the mullite reflections. The sta-
bilization of tetragonal/cubic zirconia at room temperature is probably due to the enrich-
ment in yttrium released from the glassy phase during annealing, which is paired to the 
crystallisation of mullite. Indeed, changes in the relative intensity of the (120) and (210) 
mullite reflections (the doublet at 26 °), and a slight shift towards higher angles, apparent 
when comparing both patterns in Figure 1 can be due to a decrease of the global Al:Si 
ratio in mullite [29]. This is expected since, as determined by EDS, the Al:Si atomic ratio is 
lower in the amorphous phase than in the mullite grains, and thus the mullite crystallised 
form the glassy phase should be richer in Si. These changes are confirmed by the quanti-
fication of the phase composition obtained by the analysis of the SEM micrographs (Table 
1). These values are affected by non-quantified errors due to the lack of contrast of the 
images, but the observed differences are well above these errors and are fundamental for 
the subsequent discussion of the electrical properties (note that the dispersion values giv-
en in Table 1 are statistical).  
 Firstly, note the higher fraction of the metastable amorphous phase for the faster 
growth rate, as expected for a kinetically limited crystallization. Likewise, kinetic reasons 
may hinder the Zt Zm phase transition, leading to a higher content of tetragonal zirconia 
[20]. The EDS mapping results suggest the presence of yttrium in the amorphous phase, 
thus corroborating the decrease of the yttrium concentration in zirconia for low growth 
rates [20]. Annealing the samples at high temperature for long periods of time, increases 
the fraction of mullite, with the final composition approaching the nominal equilibrium 
composition (Table 1). This is accompanied by the decrease of the amount of amorphous 
phase, the formation of small Y-rich precipitates, and the Y-diffusion into the zirconia lat-
tice, all contributing to the observed stabilization of the tetragonal phase (Fig. 1). Notewor-
thy is that the fraction of zirconia remains nearly unchanged for all composites.  
 
III.3.3.2. Impedance spectroscopy 
Figure 6 shows typical impedance spectra obtained at temperatures below 750 °C for 
the zirconia-mullite eutectic fibres. All spectra consist of one single, slightly depressed 
semicircle with a capacitance of 10 to 15 pF that is observed up to temperatures as high 
as 900 °C. For higher temperatures, this semicircle tends to disappear and a new phe-
nomenon (already suggested by the low frequency tail in the high temperature spectra), 
becomes dominant. These spectra deviate from those typically observed in polycrystalline 
ceramic ionic conductors such as YSZ, usually depicting the two semicircles of the bulk 
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and grain boundary resistances [30], for two main reasons. Firstly, the particular geometry 
of the fibres (very low cross-sectional area - 0.017 cm2 - and relatively large length - 0.3 to 
0.4 cm) originates (for a dielectric constant of 30 typical of ionic conductors) a bulk capaci-
tance of approximately 0.15 pF. This value is about 2 orders of magnitude lower than the 
measured capacitance, which obviously cannot be ascribed to ionic relaxation in the bulk 
of either of the composite phases. The most likely reason for this high value is the stray 
capacitance of the coaxial cables and platinum wires (measured separately with a dummy 
cell), which is connected in series with the sample and hence dominates the overall ca-
pacitive response of the system. However, the ohmic drop due to the experimental set-up 
is less than 1Ω, and hence the amplitude of the semicircle can be safely used to estimate 
the fibre resistance (R), and thus the conductivity by σ=L(RS)-1, where L and S are the 
length and the cross sectional area of the fibres. 
 
Figure 6: Nyquist plots obtained for a fresh fibre grown at 100 mm/h. 
 
Figure 7 shows the conductivity data measured in air for the DSE zirconia-mullite fibres 
produced by LFZ, including for comparison relevant literature data on the individual com-
ponents and for a hot-pressed zirconia-mullite composite (20 vol.% ZrO2). The values ob-
tained for our fibres are all within the limits defined by mullite and yttria-substituted zirco-
nia. One expects that the amount of amorphous phase, which is believed to be highly re-
sistive, may have a pronounced effect on the conductivity. In fact, very low conductivity 




























glasses with compositions in the systems Y2O3-Al2O3-SiO2 and Y2O3-Al2O3-SiO2-ZrO2, 
similar to the intergranular glassy phase in the now reported LFZ fibres [31].          
  
Figure 7: Arrhenius plots for the total conductivity in air of various samples (except for the 
noticed exception of 4), including literature data: 1 - 3.75Al2O3-2SiO2 mullite [17], 2 - te-
tragonal zirconia single-crystal (4 mol.% YO1.5) [33],  3 - tetragonal zirconia polycrystal (6 
mol.% YO1.5) [34], 4 – bulk and grain boundary conductivity of hot-pressed zirconia-mullite 
composite with 20 vol.% ZrO2 [18].  LFZ fibres grown at:  5 - 10 mm/h, 6 - 100 mm/h, 7 - 
500 mm/h, and 8 - 100 mm/h after annealing at 1400 °C. Lines are guides for the eye. 
 
The set of data presented in Figure 7 can be qualitatively understood considering the 
above mentioned compositional and microstructural (essentially percolation) differences of 
the three fibres grown at distinct growth rate, and the known transport properties of zirco-
nia and mullite. For the 10 mm/h fibre, the data clearly deviate from the Arrhenius behav-
iour. A similar curved tendency is observed for the fibre grown at 100 mm/h, but this is 
clearly less pronounced than in the previous case. Following the trend for a decreasing 
curvature with increasing pulling rate, the fibre grown at 500 mm/h displays an almost 
linear trend. Due to the different activation energies, the ionic conductivity in the low tem-
perature regime is slightly higher for the fibre grown at 500 mm/h, while, at higher temper-
atures, the slowest grown fibre is the most conductive. 
Considering the fibre composition presented in Table 1, it is reasonable to assume that 



























grown at 10 and 100 mm/h. This is indeed suggested by the curvature in the data, closely 
matching the behaviour of pure mullite [17]. The bending in the Arrhenius of mullite was 
ascribed to the significant reduction of the concentration of free oxide vacancies at the 
lower temperatures, due to the formation of defect associates with the dopant cations. 
These defect clusters dissociate at high temperature leading to a decrease of the activa-
tion energy, which is mainly determined by the migration enthalpy of the oxide vacancies 
[17,32].  
The 500 mm/h fibre has only 19 vol.% of mullite and about 60 vol.% of the highly re-
sistive glassy phase (Table 1). In this case, even considering that ZrO2 corresponds to 
about 20 vol.% (Table 1), a higher ZrO2 conductivity was registered, due to the higher frac-
tion of tetragonal phase resulting from the increased Y content explained by kinetic rea-
sons [20]. Moreover, the highest pulling rate also leads to a much finer eutectic micro-
structure, potentially reducing the critical volume of zirconia required to ensure percolation 
(Fig. 4f), whereas it has the opposite effect on the mullite crystals growing perpendicularly 
to the zirconia (see Fig. 4b and detailed analysis in ref. [20]). In these conditions, the per-
colation through the zirconia is expected to prevail over that of mullite, due to the higher 
connectivity between ZrO2 fibrils and their high coarseness at the eutectic crystals borders 
[20]. Consequently, the Arrhenius plot for the 500 mm/h fibre (line 7 in Fig. 7) displays the 
linear trend expected for ZrO2 with low yttrium contents (≤ 6 mol.% YO1.5 [33,34]). Con-
versely, in the 10 mm/h fibre the percolation is favoured along the mullite well-aligned with 
fibre axis [20], which is also present in a much higher volume fraction. This explains the 
enhanced performance above 670 °C when compared with the 500 mm/h fibre, where 
the oxide transport remains mainly sustained by the zirconia phase. 
 
Table 1: Fibre composition estimated from image analysis. Note that the lack of contrast 
in some images may affect these measurements. The nominal composition is also given. 
Growth rate (mm/h) Mullite (vol.%) Zirconia (vol.%) Amorphous (vol.%) 
10 56±4 21±3 23±4 
100 53±4 18±2 29±4 
500 19±3 21±4 60±5 
100 (Annealed), Fig 7 63±3 20±3 17±5 
100 (Annealed), Fig 8 65±3 21±3 14±4 




The conductivity of the as-grown fibres is considerably higher than for zirconia-mullite 
composites with the same volume fraction of zirconia obtained by a more conventional 
hot-pressing route [18]. The literature bulk and grain boundary data are plotted to illustrate 
the highly negative impact of the grain boundaries on the total conductivity of conventional 
polycrystalline composites. The low grain boundary density is, paradoxically, one of the 
key advantages of DSE materials. The second key microstructural feature of DSE materi-
als is the preferential alignment of the phases along the fibre axis, favouring percolation 
and hence conductivity. This advantageous morphological feature of the DSE materials 
prevails over the larger fraction of monoclinic zirconia and the presence of glassy inter-
granular phase, both detrimental for conductivity. In fact, the significant conductivity en-
hancement observed after annealing the fibre grown at 100 mm/h at 1400 °C for 10 h, is 
due to the minimization of the impact of these non-favourable characteristics. The an-
nealed sample has about 12% less glassy phase and a clearly higher fraction of Zt for a 
similar overall quantity of zirconia (Table 1). In the annealed fibre (grown at 100 mm/h), 
however, the stabilization of the tetragonal zirconia phase is achieved by an increased 
amount of yttrium, which would also increase the conductivity. As a consequence, the 
relative contribution of mullite to the conductivity of the composite is decreased and the 
curvature in the Arrhenius is strongly reduced (although still apparent). Despite the pres-
ence of a considerable amount of glassy phase (17%), the conductivity of the annealed 
fibre grown at 100 mm/h is 6 to 7 times higher than the bulk conductivity of hot-pressed 
composites with similar amount of zirconia. This confirms the potential of the LFZ method 
to develop optimized microstructures. 
 Figure 8 (data series number 1) shows the conductivity of a freshly prepared 100 mm/h 
fibre that was annealed in situ at 1400 °C overnight before the measurements. This fibre 
was measured over a broad temperature (570 °C - 1415 °C) and     (10
-20 Pa - 105 Pa) 
ranges, as required by the envisaged application. It is interesting to notice that the con-
ductivity of this fibre is significantly higher than the conductivity of the 100 mm/h fibre an-
nealed ex-situ at 1400 °C (identified with number 2), previously shown in Figure 7. The 
considerably higher conductivity of the new fibre from Figure 8 can be understood in view 
of the coarser, longer and parallel zirconia grains observed in this fibre (Fig. 9b) in com-
parison to the fibre from Figure 7 (Fig. 9a). It should be noticed that the phase composi-
tion of both fibres should be very similar, according to the quantification based on the digi-
tal analysis of SEM micrographs (Table 1), which also suggests the microstructure as the 
key factor to explain the differences of conductivity between the two samples. 
176 
 
 In fact, given the relatively low volume fraction of the amorphous phase and its very 
high resistivity, one may on first approximation describe the multiphase, complex DSE 
materials as a bi-phasic mixture of zirconia and mullite. The conductivity of such compo-
site mixture (            can be expressed by a simple logarithmic mixture rule as a func-
tion of the conductivity of mullite and zirconia (  
  and   
 ,  respectively) and the volume 
fraction of zirconia ( ) according to   
                  
  (      
 ,                                               (1) 
where   is an exponent closely related to the distribution of both phases. This exponent is 
1 for the simplest case of a model composite consisting of parallel slabs (or rods) of the 2 
phases aligned with the current flow.  
 
Figure 8: Arrhenius plots showing a mix of conductivity measurements carried out on 1 a 
100 mm/h fibre under different atmospheres, from reducing (90%N2+10%H2 mixture,     
<10-20 Pa; Argon, 10-7 Pa<   <10
-4 Pa) to oxidizing conditions (Air,    2.110
4 Pa; oxy-
gen,    10
5 Pa). The fibre was first measured in the range 1400-900 °C, after an anneal-
ing overnight in situ at 1415 °C. The thin solid line is the fit to the Arrhenius equation of the 
data collected in air, and the thick dashed line is the prediction based on a simple mixture 
rule ( =0.5 details in the text). The data series 2 for the 100 mm/h fibre previously an-
nealed at 1400 °C (series 8 in Fig. 7), and the corresponding fit to the mixture rule 































This would be the optimum situation where all the highly conductive zirconia grains are 
percolated and parallel to the fibre longitudinal axis along which the conductivity was 
measured. Lower   values obviously represent a deviation from this model behaviour. If 
we assume  0.2 from the image analysis and literature values for   
  (4 mol.% YO1.5 
substituted ZrO2 [33]) and   
  [17], the data series 2 (the fibre from Fig. 7) can be fitted 
with  =0.5, which is indicative of a significant deviation of the model description. This is an 
indication that a significant fraction of the zirconia phase is fragmented and perpendicular 
to the fibre axis, in agreement with Figure 9a. In the ideal situation of a totally aligned and 
percolating zirconia network corresponding to  =1, the conductivity would be about 5 
times higher. The same model yields  =0.75 when fitting the new fibre data series 1 in 
Figure 8, which is much closer to the ideal parallel model than the fibre of the data series 
2. This qualitative result is in very good agreement with the simple qualitative observation 
of the micrographs in Figure 9 and quantifies the potential improvement of the conductivity 
attainable by manipulation of the microstructure. 
 
  
Figure 9: Comparison of the microstructures of the longitudinal sections of the two 100 
mm/h fibres annealed at 1400 °C shown in (a) Fig. 7 and (b) Fig. 8.       
 
The remainder analysis of conductivity at high temperature and under variable at-
mosphere is based on the data shown in Figure 8 obtained with the best fibre (data series 
1). The Arrhenius behaviour is observed in all conditions with an activation energy close to 
70 kJ/mol, which is in excellent agreement with values found for tetragonal zirconia (66 
kJ/mol [35]) and mullite (72 kJ/mol [17]) in similar conditions. The conductivity value at-
tained at 1370 °C is in excess of ~0.01 S/cm, nearly 2 orders of magnitude higher than 
pure  3.75Al2O3-2SiO2 mullite [17]), but more than 1 order of magnitude lower than yttria-
substituted zirconia [33,34]. Moreover, the conductivity remains independent of the oxy-








Directional solidified eutectic (DSE) zirconia-mullite composites were grown by the la-
ser floating zone (LFZ) technique using variable pulling rates (10, 100 and 500mm/h). The 
eutectic crystals, comprising mullite, and monoclinic and tetragonal zirconia, are im-
mersed in a highly resistive Al-Y-Si-O amorphous phase. The phase composition and per-
colation depend on the growth rate, and determine the ionic conductivity of the composite. 
At temperatures below 700 °C, the fibres pulled at 500 mm/h show better oxide-ion con-
duction owing to the fine zirconia distribution favouring the reduction of the percolation 
threshold. The fraction of mullite is the highest for the lower pulling rates, and Arrhenius 
plot displays the curvature typical of pure mullite.  
Conductivity values in excess of 0.01 S/cm were attained at 1350 °C for a fibre with just 
20 vol.% zirconia, showing Arrhenius behaviour (70 kJ/mol) and no dependence of     
within the studied temperature range, further demonstrating the broad electrolytic domain 
of these solid electrolytes. From the view point of electrical and electrochemical proper-
ties, these results demonstrate the potential of directional solidification by LFZ for the 
preparation of zirconia-mullite composites with favourable microstructure and high ionic 
conductivity at very high temperature (>1300 °C), in comparison with other methods. The-
se properties suggest the application of these materials as solid oxide electrolytes, namely 
as oxygen sensors in thermally and chemically aggressive environments such as steel or 
glass melts. Other properties such as the chemical stability should be assessed, and the 
likely enhancement of the thermo-mechanical properties of these composites in compari-
son with pure YSZ should be confirmed. 
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Laser floating zone technique (LFZ) is used to grow directionally solidified eutectic 
(DSE) zirconia-mullite composite fibres (30:70 in wt.%). A notable increase in hardness is 
observed from 11.3 to 21.2 GPa as the pulling rate increases from 10 to 500 mm/h, due to 
the ultra-fine eutectics developed at very high growth rates. The indentation fracture 
toughness reaches a maximum value of 3.5 MPa.m1/2 for the fibre pulled at 100 mm/h, 
almost three times the value of 1.2 MPa.m1/2 determined for LFZ single-crystal mullite. 
The eutectic dendrites that develop along the growth direction are immersed in a glassy 
phase whose brittleness is counteracted by the beneficial ultra-fine morphology, giving a 
bending strength maximum of 534 MPa. Yet, the soft nature of the glassy matrix prevails 
at the high temperature testing (1400 ºC), causing a decrease to about one-half of the RT 
value in the fibres with less glassy phase content.  
 
 














 Directionally solidified eutectic (DSE) ceramics are exciting materials given their singu-
lar microstructural characteristics, namely the prevalence of very fine eutectic constituents 
with strongly bonded phases [1-5]. The absence of grain boundaries and the small spac-
ing between phases in DSEs confines microcrack propagation, resulting in superior rup-
ture strength. A DSE zirconia-mullite ceramic was recently grown using the laser floating 
zone (LFZ) technique [6]. Mullite is a well-known aluminosilicate with excellent chemical 
and thermo-mechanical stability that can advantageously replace alumina in structural 
applications [7-10]. However, the main drawback of mullite-based materials is the low 
fracture toughness (~2 MPa.m1/2) at room temperature (RT), which significantly limits their 
mechanical strength (~200 MPa) [7,10-11]. Thus, addition of yttria partially stabilized ZrO2 
has been suggested owing to their transformation toughening effect in reducing the brit-
tleness of ceramic materials [5,12-14]. The ZrO2 martensitic transformation implies a 
change from the tetragonal to the monoclinic phase and it has been observed not only in 
ZrO2 but also in ceramic-matrix composites where ZrO2 is a second phase [12-15].  
 Zirconia-mullite ceramic composites have been used in power generation engines, 
glass melting, in steel industry, among other applications [8,10]. Recently, great attention 
is being given as heat-resistant materials for combustors, nozzles and thermal insulation  
[10,16] and also in high temperature oxygen sensors in steel casting processes [17-19]. 
Indeed, the technology involved in steel metallurgy raises the demand for ZrO2-mullite 
composites with an improve performance in different chemical environments and at high 
pressures and temperatures.  
 Claussen et al. used the reaction sintering process to obtain ZrO2-mullite composite 
materials with a fracture toughness value of 5-6 MPa.m1/2, twice that of monolithic mullite 
[20]. Boch et al. reported mullite and 5 and 15 vol.% ZrO2-mullite ceramics synthesized by 
tape casting and sintering [21]. The RT bending strength of tape-cast mullite was 250 
MPa and the fracture toughness 2.6 MPa.m1/2, but ZrO2 inclusions increased both the 
bending strength (265 MPa in 5 vol.%-ZrO2;  328 MPa in 15 vol.%-ZrO2) and the fracture 
toughness (2.8 MPa.m1/2 and  3.5 MPa.m1/2, respectively in 5 and 15 vol.%-ZrO2  compo-
sites) [21].  
 Leriche prepared ZrO2-mullite composites with and without additives to stabilize zirco-
nia, by different routes [22]. The composites synthesized by sintering of sol-gel powders 
(20 vol.% ZrO2) were completely dense and homogeneous. The absence of intergranular 
glassy phase is responsible for an interesting high temperature bending strength (300 
MPa at 1400ºC). Likewise, Rundgren et al. investigated a 20 vol.% ZrO2-mullite composite 
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(with 3 mol.% Y2O3 stabilized-ZrO2) obtained by the same technique [23]. The presence of 
tetragonal ZrO2 particles in the intergranular phase was believed to increase the mechani-
cal strength by stress-induced transformation, from ~400 to ~560 MPa at RT. The relative-
ly high fracture toughness of 4.1 MPa.m1/2 was also explained by the amount of trans-
formable tetragonal zirconia and microcrack arresting at the transformed monoclinic zirco-
nia particles [23].  
 Industrially, ZrO2-mullite materials are prepared using the melt-growth method (electric 
arc furnace) taking a mixture of zircon and alumina or a mixture of zirconia, silica and 
alumina [24]. Typically the composite microstructure has large ZrO2 grains (of about 100 
μm), which precipitate as a primary phase during cooling, and then the smaller ZrO2-
eutectic constituent crystals (~10 μm). In these composites, a glassy phase fills the gap 
between the precipitated eutectic colonies [24], which has been pointed out as the main 
reason for rapidly decreasing of bending strength with temperature [8].  
 In a previous work, we have shown that the ZrO2-mullite DSE composites obtained by 
LFZ may display various microstructures (planar coupled eutectic, faceted mullite crystals 
enclosing a dispersion of fine zirconia fibrils, or mullite columnar growth with coarse zirco-
nia inclusions), depending on the pulling rate [6]. We now intend to investigate the influ-
ence of phase amount and morphology on the mechanical behaviour of such fibres, taking 
advantage of microstructural design, the mullite stability and the yttria-stabilized zirconia 
toughening mechanism.  
 
III.4.2. Experimental 
The precursor powders for the laser floating zone (LFZ) process were mixed consider-
ing a previously optimized pseudo-eutectic composition: 30 wt.% zirconia – 70 wt.% mul-
lite [25]. This composition corresponds to molar fractions of 0.4597 of Al2O3 (Merck an-
hydrous γ-Al2O3), 0.3120 of SiO2 (Sigma, SiO2) and 0.2282 of ZrO2 (Tosoh TZ-8Y, 16 
mol.% YO1.5-ZrO2). Mixing was carried out in a planetary ball-mill (Fritsch, Pulverisette 7 
premium line) during 90 minutes at 500 rpm. An organic binder (polyvinyl alcohol, 0.1 
g/ml) was added to shape the seed and feed cylindrical rods by cold-extrusion. The LFZ 
system and the growth conditions of the ZrO2-mullite fibres were described elsewhere [6]. 
Fibres with final dimensions of about ~1.3 mm in diameter and ~20 mm in length were 
grown at pulling rates at 10, 50, 100 and 500 mm/h.  
The bending strength ( ) of the fibres was measured at RT and at 1400 ºC in a univer-
sal mechanical testing machine (Zwick, model BT1-FR020TNA50) equipped with a high 
temperature furnace and a 1 KN load cell. Measurements were performed using an alu-
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mina three point bending cell with a span distance of 9 mm and rods of 2 mm in diameter. 
The high temperature tests were carried out in air with a heating rate of 10 ºC/min, under 
a constant pre-load of 5 MPa, up to 1400 ºC, where a dwell time of 15 min ensured the 
thermal stabilization before applying the load under a displacement rate of 0.5 mm/min. 
The bending strength was determined from the equation: 
  
   
   
       (1) 
 where   is the rupture load,   is the holder span,   is the diameter of the fibres.  
 The Vickers hardness (  ) and the indentation fracture toughness (   ) were meas-
ured on polished longitudinal cross-sections of the fibres, using a Shimadzu M apparatus, 
under 9.8 N of load ( ) during 15 s. Ten indentations were performed for each pulling rate 
condition.  The hardness was quantified taking the average lengths of the indentation di-
agonals ( ) using the equation:  
         
 
  
         (2) 
 The indentation fracture toughness (   ) was determined from Anstis’ equation (3) [26], 
where   is the length of cracks emerging from indentation corners,   the composite 
Young’s modulus; 







   ⁄
)      (3) 
   was estimated by the mixing rule          (              , where   corresponds 
to the zirconia weight fraction. In this case,   was assumed equal to 0.35, while the mullite 
and zirconia Young’s moduli were considered as 225 GPa and 205 GPa, respectively [8, 
27]. 
 Microstructural characterization was carried out on the polished longitudinal and trans-
versal cross-sections by scanning electron microscopy (SEM, Hitachi SU-70) equipped 
with energy dispersive X-ray microanalysis (EDS, Bruker Quantax 400).  
 
III.4.3. Results and discussion 
III.4.3.1. Microstructural development 
 The microstructure of ZrO2-mullite DSE fibres is strongly tailored by the growth rate, 
changing from columnar morphology at low pulling rates, to dendritic eutectic morphology 
at high pulling rates, as reported with detail in a previous work [6]. These morphologies 
are illustrated in Figure 1 taking representative SEM micrographs of transversal and longi-
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tudinal cross-sections of fibres grown at 10 and 500 mm/h. The developed phases are 




Figure 1: SEM micrographs obtained along the transversal cross-section of zirconia-
mullite DSE fibres grown at 10 mm/h (a) and 500 mm/h (b); the corresponding longitudinal 
cross-sections microstructures are depicted in (c) and (d), respectively. The numeric la-
bels correspond to: (1) mullite, (2) glassy phase, (3) globular ZrO2 inclusions and (4) ZrO2 
fibrils. 
 
The shape and dispersion of the zirconia phase in the eutectic domains are a function of 
the growth rate. At the lowest pulling rate, globular zirconia inclusions (0.6 to 3.5 μm in 
diameter) develop inside polyhedral mullite crystals (Figs. 1a). At higher pulling rates, zir-
conia appears as self-organized fibrils (~0.1μm in diameter and 1 to 5 μm in length) in the 
eutectic constituent, as identified by number (4) in Figure 1b. However, minor globular 
zirconia grains (0.1 to 0.3 μm in diameter) are still observed at high pulling rates (Fig. 1b). 
Therefore, the eutectic domains can be described as coarse eutectic, at 10 mm/h, and 
fine dendritic eutectic for higher pulling rates. The increase of the growth rate under con-
stant thermal gradients increases the constitutional undercooling phenomenon and pro-
motes dendritic eutectic growth [6]. The longitudinal section of the 10mm/h grown fibre 
(Fig. 1c) corroborates the aligned columnar morphology, which results from preferential 









ZrO2-mullite eutectic develop along the growth direction at higher pulling rates but with a 
significant amount of interdendritic glassy phase (Figs. 1b,d). 
 
III.4.3.2. Mechanical properties 
III.4.3.2.1. Hardness and fracture toughness 
 The hardness and indentation fracture toughness values of the ZrO2-mullite DSE fibres 
are plotted in Figure 2. The hardness linearly increases with the growth rate, reaching an 
outstanding value of about 21.2 GPa for the fibres pulled at 500 mm/h. The slight increase 
from 11.3 GPa to 12.2 GPa in the 10-100 mm/h range is the opposite of that early found 
for LFZ-grown pure mullite fibres, which experiment a slight decrease in microhardness 
(1N of indentation load) from 15.6 GPa to 14.2 GPa in the same range of pulling rates [9]. 
However, in that case, the single-crystal nature of the fibre grown at 10 mm/h explains the 
higher hardness result, contrasting to the polycrystalline nature of the fibre grown at 100 
mm/h, in which the glassy interdentritic phase is much softer [9]. The addition of zirconia 
to mullite switches this trend due to the predominance of tetragonal zirconia phase above 
50 mm/h with respect to the monoclinic polymorph, as determined in a previous work [19]. 
Tetragonal structure of yttria-stabilized zirconia is reported as a phase harder than mono-
clinic zirconia [28,29]. 
 The net increase in hardness observed for the highest pulling rate of 500 mm/h is ex-
plained in the light of microstructural characteristics. The improvement of microhardness 
is consistently observed for the fastest pulled DSE fibres of other compositions and it is 
related to the very small colony size. Indeed, the decrease of the microstructural domains 
size for high growth rates induces a interfacial strengthening mechanism by dislocation 
arresting [1,4]. The ultra-fine eutectic morphology of DSE fibres pulled at 500 mm/h (Figs. 
1b,d) contrasts with the coarse morphology of fibres pulled at low rates (Figs. 1a,c) and so 
is the huge difference in hardness. This feature overcomes the drawback effect of a high-
er content of interdendritic glassy phase, a softer phase that increases with pulling rate, as 
above referred. The hardness of similar YO1.5-SiO2-Al2O3 glasses was found to vary from 
6.36 to 8.29 GPa and it is greatly controlled by the YO1.5 content [30]. Even though the 
ZrO2 precursor contains 16 mol.% YO1.5, DSE fibres are synthesized from a melt and dur-
ing solidification yttrium is partly incorporated into the glassy phase, as identified by EDS 
analysis [6]. An amount of 3.5 mol.% YO1.5 in ZrO2 was estimated for the 100 mm/h grown 
fibre [19]. The YO1.5 content in tetragonal zirconia is determinant for the hardness of zir-
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conia ceramics, varying from ~7 GPa (pure-ZrO2),  ~9 GPa (2 mol.% YO1.5-ZrO2),  ~13 
GPa (4 mol.% YO1.5-ZrO2)  to ~15 GPa (6 mol.% YO1.5-ZrO2) [28]. 
 Figure 2 also shows the indentation fracture toughness values of the ZrO2-mullite DSE 
fibres. Contrary to hardness, the fracture toughness reveals a non-monotonic behaviour in 
the range of 10-100 mm/h of pulling rate, varying between 2.5 and 3.5 MPa. The YO1.5 
stabilized-ZrO2 addition leads to an effective increase of fracture toughness over the value 
1.2 MPa.m1/2 determined for single-crystal mullite synthesized by the same directional 
solidification method [9]. Asaumi et al. reported a similar fracture toughness increase from 
1.6 up to 3.5 MPa.m1/2 with ZrO2 incorporation in a ZrO2-mullite composite made by partial 
zirconia infiltration [31]. 
 
Figure 2: Vickers hardness (HV) and indentation fracture toughness (KIc) of zirconia-
mullite DSE fibres as a function of the growth rate. 
  
 The     value for the fibre pulled at 500 mm/h was not possible to estimate by the in-
dentation method as the cracks emanating from the indentation mark were extensive, as 
shown in Figure 3a. This denotes a net drop in fracture toughness compared to the other 
fibres where the length of the cracks is much smaller, Figure 3b and in the closer view at 
the inset. Another characteristic of the crack pattern in the 500 mm/h pulled fibre is the 
crack deflection towards the fibre axis following the preferential alignment of the eutectic 
dendrites (Fig. 3a).  
 The fracture toughness values of the present 20 vol.% ZrO2-mullite DSE fibres are in 
line with previously published data for ZrO2-mullite composites prepared by conventional 
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sintering: (i) 3-4 MPa.m1/2 for 25 vol.% ZrO2-fused mullite [22];  (ii) 2.8 and 2.4 MPa.m
1/2 
for 10 and 17 vol.% ZrO2-Al2O3-SiO2 [22] and (iii) 2.9 and 3.0 MPa.m
1/2 for 10 and 20 vol.% 
ZrO2-premullite, respectively [22]; (iv) 2.8-3.5 MPa.m
1/2 for tape-cast 5-15 vol.% ZrO2-
mullite composites [21]; and (v) 3.5-4.0 MPa.m1/2 for extruded and then hot-pressed 10 
vol.% ZrO2-mullite composites [32,33]. Furthermore, for composites prepared in two steps 
by reactive sintering of ZrSiO4 and Al2O3, the fracture toughness attained after the first 
step was 3.5-5.0 MPa.m1/2, and 4.3 MPa.m1/2 after the second step [22]. The fracture 
toughness of composites having YO1.5 stabilized-ZrO2, prepared by sintering of sol-gel 
derived powders was 3.0 MPa.m1/2 for 19 vol.% ZrO2-mullite, increasing to 4.0 MPa.m
1/2 
for 19 vol.% ZrO2 (6 mol.% YO1.5)-mullite [22].  
 
 
Figure 3: SEM micrographs showing the Vickers indentations and the distinct crack prop-
agation pattern along longitudinal cross-sections of zirconia-mullite DSE fibres grown at 
500 mm/h (a) and 100 mm/h (b). The inset in (b) corresponds to a magnified view of crack 
arresting at dendrites.  
 
Later, Rundgren et al. corroborated this result and explained it based on the larger 





at the transformed monoclinic ZrO2 [23]. Moreover, it was observed that the decrease of 
the ZrO2 grain size retained the spontaneous transformation during cooling, and this sug-
gests that no toughening by microcracking occurs. Such lead to the decrease of     in 
composites with almost fully tetragonal zirconia (97%) to 3.4 MPa.m1/2 [23]. 
 The transformation toughening mechanisms induced by the yttria-stabilized ZrO2 addi-
tion to mullite are: (i) stress-induced volume change during the martensitic tetragonal-
monoclinic transformation of zirconia, (ii) microcracking caused by thermal expansion 
mismatch of zirconia and mullite, (iii) grain-boundary strengthening due to the metastable 
ZrO2 incorporation into mullite, (iv) surface compression induced by occurrence of mono-
clinic zirconia [8,10]. Crack-deflection toughening can also take place at zirconia/mullite 
interfaces [8]. High resolution transmission electron microscopy performed in ZrO2-mullite 
directionally solidified eutectic (DSE) samples revealed microcracking phenomena asso-
ciated with twinning of the thermally transformed (i.e., during cooling) monoclinic zirconia 
phase [34,35].  
 Figure 4 is a SEM view of the 10 mm/h ZrO2-mullite fibre that illustrates the 
predominant toughening mechanisms, namely crack arresting at zirconia phase, joining 
two neighbour ZrO2 grains through the mullite matrix, probably caused by stress-induced 
volume change (1); microcraking branching in the mullite crystals (2); crack deflection 
around the ZrO2 phase (3); and crack deflection at the interface between mullite and the 
intergranular glassy phase (4).  
 
Figure 4: SEM micrograph of cracking pattern on a transversal cross-section of 10 mm/h 
zirconia-mullite DSE fibres. The numerically labelled points correspond to different crack-
types: (1) stress-induced, (2) microcraking, (3) crack deflection around the ZrO2 phase, (4) 









 The brittle behaviour of the fibre pulled at 500 mm/h is the outcome of the very small 
ZrO2 particle size that makes thermodynamically unfavourable the martensitic transfor-
mation, due to surface phenomena associated with microcracking and/or monoclinic zir-
conia twinning [34-36]. Also, the very small particle size is adverse to crack deflection 
toughening. Both effects add to the detrimental higher content of intergranular glassy 
phase, as above referred. 
 
III.4.3.2.2. Bending strength 
 The effect of growth rate on the DSE bending strength is depicted in Figure 5. The av-
erage and standard errors of RT bending strength correspond to at least five tests for 
each growth rate. The lowest RT bending strength value was obtained for the 100 mm/h 
fibres, while the fibres grown at 500 mm/h present the best mechanical performance. The 
strength improvement up to 534 MPa for the present DSE fibres grown at the fastest rate 
of 500 mm/h can be ascribed to the minor size of the eutectic constituents (Figs. 1b,d). 
Indeed, the DSE fibres strength is proportional to the eutectic domain sizes, being ruled 
by the microstructural features, phase nature/distribution but also by defect density (voids, 
cavities, etc.) [4,37].  
 
Figure 5: Bending strength of zirconia-mullite DSE fibres as a function of the growth rate 
(10 to 500 mm/h) and temperature (RT and 1400 ºC). For sake of comparison, data was 
added for 20 vol.% ZrO2-mullite composites tested at the same temperatures in ref. [22]. 
 



















Even though the fracture toughness is much lower than for the other fibres, the very fine 
microstructure limits the defect size, and so catastrophic failure requires higher applied 
stresses. This result indicates that the fibres obtained with the fastest growth may have 
accentuated anisotropic facture toughness, as Figure 3b already indicated. 
 The bending strength of the DSE fibres at RT reported in the present work are compa-
rable to results previously published in the literature for ZrO2-mullite composites. In fact, 
the bending strength for 10, 20 vol.% ZrO2-mullite composites produced by conventional 
sintering from pre-mullite reached 250 MPa and 290 MPa, respectively [22]. Moreover, 
composites processed from fused mullite (10 vol.% ZrO2) or fused mixtures of Al2O3-SiO2 
with 10 to 17 vol.% ZrO2, decrease their strength values to 200-250 MPa and 200-210 
MPa, respectively [23]. The two step reactive sintering route led to different results, firstly 
450 MPa and then a decrease to 270 MPa [22]. Notice too, the distinct results attained 
with stabilized-ZrO2 by sintering of sol-gel powders by Leriche that reported only a slight 
increase from 240 to 250 MPa, when adding ZrO2 and/or stabilized-ZrO2 (considering the 
same 19 vol.% amount) [22]. However, Rundgren et al. disclosed a different behaviour, 
the addition of non-stabilized ZrO2 (20 vol.%) resulted in a slight increase of the RT bend-
ing strength, of about 25% with respect to pure mullite (~350 MPa). A much significant 
strength increase up to 632 MPa was achieved using ZrO2 (3 mol.% Y2O3), due to higher 
volume fraction of tetragonal ZrO2, explained by the stress-induced tetragonal to mono-
clinic transformation in the stress field of propagating cracks [23].  
 The bending strength of the 500 mm/h pulled fibre considerably drops at 1400 ºC (Fig. 
5), as the soft nature of the glassy-matrix prevails. The decrease in viscosity of the glassy 
grain-boundary phase plays an important role in the high temperature mechanical proper-
ties [38-40].  Indeed, the strength of zirconia-mullite composites is retained up to 1200 ºC, 
but above this temperature the yttrium rich glassy grain-boundary phase is reported to 
lead to a drastic strength drop [10,23]. For comparison, the bending strength values at RT 
and 1400ºC determined for a zirconia-mullite composite sintered from sol-gel powders [22] 
are given in Figure 5, showing enhanced behaviour at 1400 ºC due to the absence of in-
tergranular phase. 
 The variability of bending strength results for the DSE materials was characterized by 
the Weibull modulus (Fig. 6). The common high microstructural homogeneity of other DSE 
materials may lead to a high Weibull modulus (13-15) but the presence of shrinkage cavi-
ties or banding result in a significant reduction of this parameter (down to 3-6) [4]. The 
banding effect in the present ZrO2-mullite DSE fibres was already disclosed in an early 
work [6]. Banding phenomena are very common on melt-grown materials and are the out-
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come of growth perturbations. Indeed, they correspond to sharp transitions between finer 
and coarser microstructures, the latter regions being known as bands. The highest RT 
bending strength attained by ZrO2-mullite DSE fibres (at 500 mm/h) is followed by a large 
data scattering resulting in a very low Weibull modulus (m=3). However, this is not due to 
banding phenomena because the lowest band density in zirconia-mullite DSE fibres is 
attained exactly for such high pulling rates [6]. So, this behaviour should be attributed to 
the presence of a very high amount of glassy phase and its intrinsic brittle nature. Similar-
ly, in DSE alumina-zirconia fibres, the Weibull modulus decreased from 9 to 3 with in-
creasing growth rates, due to the thicker amorphous phase dispersion [41]. The highest 
value obtained in the present work for fibres grown at low pulling rate (m=9) is lower than 
the Weibull modulus disclosed for lamellar DSE alumina-zirconia (m=12.9), but it is con-
siderably higher than those estimated for cellular/colony structures (between 3 to 4) [41].  
 
Figure 6: Weibull probability plot of the bending strength () at RT and 1400 ºC of zirco-
nia-mullite DSE fibres pulled at different rates (10 and 500 mm/h). 
 
 The temperature influence on the Weibull modulus is also plotted in Figure 6. Only the 
10 mm/h fibres were considered in order to reduce the glassy phase induce heterogene-
ous behaviour with the temperature rise. The Weibull modulus only decreased from 9 to 6, 
disclosing the retention of the microstructure homogeneity at high temperatures, albeit the 
decrease in mechanical strength. The drop in bending strength is probably due to crack 
propagation mode both in mullite and zirconia components, changing from intergranular, 
at low temperatures, to intragranular, at higher ones [8,42]. Moreover, the DSE fibre 






























































strength at high temperatures can be suppressed by interface degradation [43]. The zir-
conia present in the ZrO2-mullite DSE is almost fully tetragonal, above 1000 ºC [19]. Con-
sidering that above this temperature mullite has a higher bending strength than tetragonal 
ZrO2, it is expected that mullite rules the strength of the 10 mm/h pulled DSE fibres [44]. 
 
III.4.4. Conclusions 
 Zirconia-mullite fibres synthesized by laser floating zone (LFZ) directional solidification 
method reveal a change in microstructure from coarse columnar morphology at low pulling 
rates (10 mm/h), to ultra-fine eutectic morphology at high pulling rates (500 mm/h). Eutec-
tic dendrites develop along the growth direction but with a significant amount of interden-
dritic glassy phase for the fibres pulled at 500 mm/h. In these fibres, the composite nature 
of eutectic constituent with tetragonal zirconia fibrils (~0.1μm in diameter and 1 to 5 μm in 
length) gives rise to an outstanding hardness value to about 21.2 GPa. 
 The indentation fracture toughness varies between 2.5 and 3.5 MPa.m1/2 in the range 
of 10-100 mm/h of pulling rate, higher than the value of 1.2 MPa.m1/2 determined for sin-
gle-crystal mullite synthesized by the same directional solidification method. This is the 
outcome of toughening mechanisms ascribed to the addition of YO1.5 stabilized-ZrO2 to 
the mullite matrix. However, in the fibres pulled at 500 mm/h, the ZrO2 fibrils are very 
small which may turn thermodynamically unfavourable the martensitic transformation and 
diminish crack deflection toughening. This added to a higher content of intergranular 
glassy phase, results in an overall decrease of the fracture toughness of the fibres.  
 The fibres grown at 500 mm/h have the highest RT bending strength (534 MPa). The 
very fine eutectic microstructure hinders the occurrence of critical defects and so cata-
strophic failure requires higher applied stresses despite the lower indentation fracture 
toughness of these fibres. However, the bending strength of these fibres considerably 
drops at 1400 ºC due to the decrease in viscosity of the glassy phase. The highest 
Weibull modulus at room temperature (m=9) was attained for the 10 mm/h pulled fibres 
that only exhibit a residual amount of glassy phase, decreasing to m=6 for bending tests 
at 1400 ºC, reflecting the preservation of the microstructure homogeneity. 
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Conclusions and Future work 
  
 
This chapter tries to summarize the main conclusions of this 
thesis (IV.1.) and prospects future work under the frame of the 
subjects here developed (IV.2.). 






























































Along this project, zirconia-based directionally solidified eutectic (DSE) fibres with high 
microstructural stability envisaging electrochemical and/or mechanical applications were 
developed and characterized. The employment of the laser floating zone (LFZ) method 
equipped with a 200 W CO2 laser was fundamental, due to the high melting point of zirco-
nia (~2680 ºC) and the other eutectic constituent phases. Moreover, the accurate control 
of the fibre growth rate had an important influence in the development of morphologies 
and compositions of the eutectics. 
 
The zirconia-barium zirconate eutectic was the first chosen system aiming the devel-
opment of a mixed ionic conductor combining protonic and oxide-ionic conduction. The 
ZrO2-BaZrO3 fibres prepared according with the eutectic composition are in good agree-
ment with the ZrO2-BaO binary phase diagram reported by Paschoal et al. In a first ap-
proach, the rod precursors were prepared with Y2O3 stabilized-zirconia (4.4 mol.% YO1.5). 
The fibres pulled from 20 to 100 mm/h reveal two crystalline phases: tetragonal zirconia 
and barium zirconate. However, the yttrium remains at the fluorite structure of zirconia as 
shown by Raman spectroscopy and validated by the EDS analysis. Fibres combine two 
alternating eutectic microstructures: bands having a coarser zirconia microstructure and 
the inter-band region changing from lamellar to colony type microstructure, with the in-
creasing of the growth rate. In fact, it was observed that the ZrO2-rich bands strongly 
manage the total ionic conductivity.  
Considering these results, an yttria-richer composition (18.2 mol.% YO1.5) was studied 
and the growth rate was simultaneously increased up to 300 mm/h in order to decrease 
the band density. The increase of growth rate lead to the development of ZrO2-dendrites 
enclosed in barium zirconate thin layers leading to a fine-interpenetrated microstructure 
combining 50 vol.% of each eutectic constituent phase. Structural characterization by 
Raman spectroscopy confirmed the presence of yttrium in both zirconia and barium zir-
conate phases. Such result was corroborated by elemental chemical EDS maps.  
The single semicircle at the Nyquist plots confirms the absence of grain-boundaries be-
tween grains of the same phase, which is ensured by the finer-interpenetrating microstruc-
ture and the barium zirconate developed around the zirconia dendrites. Moreover, the 
reduction of the semi-circle amplitude in wet atmospheres and temperatures below 500 ºC 
denotes a protonic conductivity resulting from the yttrium-doping of the BaZrO3 phase. 
The measurements under different conditions (dry/wet and reduction/oxidizing) allow to 
define domains where different charge carriers transportation prevail. In this sense, pro-
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tonic conduction is dominant for low temperatures and under wet/reducing environments 
(the activation energies vary from 35 to 48 kJ/mol, between 320 and 500 ºC), while above 
500 ºC in dry/oxidizing atmospheres the oxide-ion conduction through highly-doped zirco-
nia and/or hole conduction along yttrium-doped BaZrO3 prevails (reaching values of Ea~90 
kJ/mol). Therefore, the mixed ionic conduction behaviour was achieved by the designed 
DSE materials working in different atmospheres and temperatures ranges. 
 
A second system consisting of eutectic and off-eutectic zirconia-mullite fibres was also 
produced by LFZ directional solidification. Off-eutectic fibres (mullite-rich and zirconia-rich 
compositions) were grown from 10 to 100 mm/h, while the zirconia-mullite DSE fibres 
were prepared in a broad range of pulling rates, from 1 to 500 mm/h. Microstructural char-
acterization reveals that the growth rate has no influence on the nature and morphology of 
the phases in both the two off-eutectic fibres. On the other hand, the zirconia-mullite DSE 
fibres show a clear different trend. These fibres comprise three crystalline phases: mullite 
and two of the polymorphic phases of zirconia, namely monoclinic and tetragonal. It was 
found that the amounts of each phase are strongly dependent on the fibres growth rate. In 
detail, the tetragonal/monoclinic phase amount ratio is a function of the growth rate, in-
creasing with it. Furthermore, the microstructure of zirconia-mullite DSE fibres varies from 
coupled to colony microstructure, when the growth rate increases. Such microstructural 
changes are accompanied by the development of a high amount of Al-Si-Y glassy phase, 
where the eutectic crystals are immersed. 
Likewise in the zirconia-barium zirconate DSE fibres, the banding pattern observed in 
the zirconia-mullite DSE fibres exchange the finer microstructure with the coarser one, 
with the band interspacing increasing for higher growth rates. The HTXRD analysis re-
vealed that the monoclinic zirconia fraction almost fully transforms into the tetragonal 
phase as the temperatures increases up to ~1000 ºC. Moreover, such characterization 
allow to infer about the yttrium content (3.5 mol.% YO1.5) into zirconia.  
The zirconia-mullite DSE fibres combine two oxide-ion conductors in a stable eutectic 
microstructure over a broad electrolytic domain. Ionic conduction is managed by the 
growth rate, since this parameter rules the phase composition and percolation. It is of ex-
tremely importance the reduction of the highly-resistive glassy phase which was accom-
plished by annealing at 1400 ºC, leading to substantial improvement of the conductivity. In 
detail, values above 0.01 S/cm at 1370 ºC are attained in the zirconia-mullite DSE fibres, 
with just 20 vol.% zirconia.  
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The mechanical behaviour of the zirconia-mullite fibres was also found to be tailored by 
the fibre microstructure, which is a consequence of the growth rate. In fact, the bending 
strength increases with the growth rate up to maximum of 534 MPa at 500 mm/h, due to 
ultra-fine eutectic microstructure which prevails over the brittle nature of the phases. How-
ever, for high temperature testing (1400 ºC) the soft nature of the glassy phase becomes 
dominant. A remarkable hardness (21.2 GPa) is achieved in the fastest as-grown DSE 
fibres (500 mm/h), which is triggered by the development of self-organized arrangement of 

































IV.2. Future work 
The future research lines here mentioned are divided in two main topics, due to the dis-
tinct potential of the DSE materials covered in this thesis. The first concerns with the in-
vestigation developed in the yttrium-doped zirconia-barium zirconate DSE fibres, while the 
second one is devoted to the zirconia-mullite DSE materials. 
 
i. Yttrium-doped zirconia-barium zirconate DSE 
 It would be imperative to quantify the yttrium amount in the barium zirconate and in the 
zirconia. Such quantification could be obtained by transmission electron microscopy 
(TEM) or by particle-induced X-ray emission (PIXE) on the longitudinal fibres cross-
section. Yttria-rich compositions could be evaluated in order to increase the yttrium incor-
poration into the barium zirconate, and so to improve the proton conductivity. Further-
more, other dopant ions like Yb3+ or Sc3+ could be investigated, in order to enhance the 
dopant incorporation into the barium zirconate. The fibres growth under different atmos-
pheres has a huge interest due to the barium carbonate evaporation (alternatively BaO-
rich compositions can be considered) and the thermal instabilities in the molten region 
promoted by physical displacement minimized. The growth conditions could be even more 
explored in order to achieve more homogenous and well-aligned eutectic microstructures. 
The banding structure in the zirconia-barium zirconate DSE ceramics desires more atten-
tion, due to the proved influence of this feature in the electrical behaviour. Therefore, un-
derstanding of their formation might be useful for the improvement of the electrical proper-
ties. Notice that, most of the investigation realized in this topic is focused in metallic alloys, 
so it will be interesting to understand how it works in ceramic materials.  
 
ii. Zirconia-mullite DSE  
 It would be essential to reduce the glassy phase amount, since this revealed a damag-
ing influence in the electrical and mechanical properties of the zirconia-mullite DSE fibres. 
In this sense, two different approaches could be prospected: starting from Al2O3-richer 
compositions or subject the as-grown DSE fibres to thermal treatments, like those report-
ed in the second paper of chapter III, but now for even longer periods and/or tempera-
tures. Moreover, it would be interesting to analyse the influence of faster growth rates 
(e.g. 1000 mm/h) in the mechanical strength and the effect of rotation in the final micro-
structure. The investigation of the thermal properties of the zirconia-mullite DSE fibres is 
also attractive, considering the high thermal-shock resistance, low thermal conductivity 
and the low thermal expansion coefficient of these composites. Indeed, these have been 
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prospected (in a series of patents) as thermal barrier coatings of the future Si-based ce-
ramics (Si3N4 and SiC) components to be used in high temperature gas turbines. 
 
Considering that both systems showed banding profiles, it would be important to control 
the temperature in the molten zone. Thus could be managed using a pyrometer with reso-



































Kroger-Vink notation for point defects in crystals. 
 
Type of defect Symbol Remarks 
Vacant M site   
   Divalent ion are chosen as example with MX as 
compound formula 
Vacant X site   
   M
2+, X2-, cation and anion 
Ion o lattice site   
 ,   
    uncharged 
L on M site   
  L
+ dopant ion 
N on M site   
  N
3+ dopant ion 
Free electron     
Free hole     
Interstitial M ion   
   · effective positive charge 
Interstitial X ion   
  ᶦ effective negative charge 
 
